Large Telescope Experiment Program /LTEP/, volume 1, part 2 by unknown
h t t p s : / / n t r s . n a s a . g o v / s e a r c h . j s p ? R = 1 9 7 0 0 0 2 2 5 3 7  2 0 2 0 - 0 3 - 1 2 T 0 2 : 1 7 : 1 2 + 0 0 : 0 0 Z
PERKIN-ELMER 
OPTICAL GROUP NORWALK, CONNECTICUT 
9800 
ENGINEERING REPORT NO. 
LARGE TELESCOPE EXPERIMENT PROGRAM (LTEP) 
VOLUME I PART 2 
APRIL 24, 19 70 
DATE: 
PREPARED FOR: ASTRIONICS LABORATORY 
MARSHALL SPACE FLIGHT CENTER 
NATIONAL AERONAUTICS AND SPACE FLIGHT ADMINISTRATION 
- 
HUNTSVILLE, ALABAMA 
Contract: NAS8 -21497 
Approved : 
CASE F 
COPY COPY NO. 
PERKIN--ELMER R e p o r t  N O .  9800 
CONTRIBUTORS 
THE PERKIN-ELMER CORPORATION 
J .  B a r t a s  
D r .  C .  C h i  
H.  C r a n e  
C.  Fenci l  
A .  L e d g e r  
D. M a r k l e  
D r .  C .  M c I n t y r e  
W. P e t e r s  
H .  R o b e r t s o n  
E .  S c h l e s i n g e r  
H.  W i s c h n i a  
A .  W i s s i n g e r  
D r .  C .  Z a n o n i  
LOCICHEED M I S S I L E S  AND SPACE COMPANY 
R .  B u l l e s b a c h  
L .  C h i d e s t e r  
C .  C h r i s t m a n ,  Jr .  
R .  C l i f f o r d  
J .  D o d d s  
L .  H a u b e n  
D.  I n g w e r s o n  
R .  J a c o b s  
D r .  H.  Johnson 
S .  K a y  
D r .  H. K i n d s v a t e r  
R .  L e C o u n t  
G .  L o n g  
D r .  R .  M a r t i n d a l e  
W .  M i l l e r  
W .  M i m n a u g h  
W. N e l s o n  
P .  P a u l  
P.  P i e l i c h  
R .  R o l l i n g ,  J r .  
S .  S i m s o n  
D r .  M. W a l t ,  I V  
E .  W e b b  
L.  W o n g  
J .  W o r d s w o r t h  
Y .  Y o s h i k a w a  



PERKIN-ELMER Repor t  No. 9800 
TABLE OF CONTENTS 
T i t l e  
-
CHAPTER 1 - PREFACE 
CI-IAPTER 2  - SUMMARY 
CHAPTER 3 - ASTRONOMICAL UTILIZATION OF THE LTEP TELESCOPE 
Technica l  C h a r a c t e r i s t i c s  of t h e  2-Meter LTEP 
S p e c t r a l  Coverage 
Imagery and Angular R e s o l u t i o n  
F a i n t  Limit  Performance 
U l t r a v i o l e t  Spectroscopy 
Rowland C i r c l e  Spectrometer  
E c h e l l e  Spectrography (Equipment Module d )  
Pho tograph ic  Photometry and High R e s o l u t i o n  
Imagery 
Astrometry  
Ext ra -Ter res  t r i a l  As t r o m e t r y  
I n s t r u m e n t a t i o n  
D e s c r i p t i o n  of S h u t t e r  and P l a t e  
Magazine Arrangement 
P o t e n t i a l  P o l a r i m e t r y  I n s t r u m e n t a t i o n  
Measurement Techniques 
The P o l a r i z a t i o n  of t h e  F l i p  Mir ro r  
Mir ro r  Coat i n g  
D e t e c t i o n  
S a t e l l i t e  I n f r a r e d  Astronomy 
Cur ren t  Problems i n  I n f r a r e d  Astronomy 
Conclus ions  
C o n s i d e r a t i o n s  f o r  a  Michelson I n t e r f e r o m t e r  
Experiment on LTEP 
I n t r o d u c t i o n  
Conclus ions  
C a l c u l a t i o n s  and O p e r a t i o n  of t h e  
Michelson I n t e r f e r o m e t e r  
A p p l i c a t i o n s  - Apparent Angular Diameters 
of S t a r s  
P r e l i m i n a r y  Design f o r  Michelson S t e l l a r  
I n t e r f e r o m e t e r s  
Page 
PERKIN-ELMER Report  No. 9800 
TABLE OF CONTENTS (Cont inued)  
T i t l e  
-
CHAPTER 4 - LTEP TELESCOPE OPTICAL SYSTEM I- 71 
D i f f r a c t i o n  - Limited Space Te lescopes  
Aper tu re  S e l e c t i o n  
The Pr imary M i r r o r  
S t r u c t u r a l  Development 
O p t i c a l  C o n f i g u r a t i o n  
LTEP O p t i c a l  Design 
Telescope and P i e r c e d  C o r r e c t o r  
Image Movers 
f / 5 0  Imaging Microscope 
f /50 Telescope and Microscope Combination 
f / 1 0  (Photographic)  Imagery System 
P o i n t i n g  E r r o r  
P r i n c e t o n  Experiment Package 
Modified E c h e l l e  
Rowland C i r c l e  Spectrometer  (Equipment 
Module E) 
R e l i a b i l i t y  Cons idera t ions  
Recommendations 
CHAPTER 5 - OPTICAL ALIGNMENT AND TOLERANCE STUDY 1-119 
Modes of Ac t ive  Control  Required 1-119 
Secondary Alignment I- 121 
Primary L a t e r a l  A 1  ignment 1-121 
Longi tud ina l  (Focus) Alignment of t h e  Secondary 
Mir ro r  1-124 
CHAPTER 6 - GENERAL ANALYSIS OF THE PERFORMANCE LIMITATION OF THE I- 129 
TELESCOPE ALIGNMENT SYSTEM AUTOFOCUS DEVICE 
D e r i v a t i o n  I- 129 
S i g n a l  and S igna l - to -Noise  R a t i o  Required 1-129 
Sources of Noise I- 13 7 
L igh t  Source I- 138 
Performance of a n  £110 System 1-139 
PERKIN-ELMER Report  No. 9800 
TABLE OF CONTENTS (Continued) 
T i t l e  
-
CHAPTER 7 - THE TELESCOPE POINTING SYSTEMS 
S p a c e c r a f t  - Induced Dis t rubances  
P o i n t i n g  Requirements 
Requirements f o r  Imagery 
Requirements f o r  t h e  Rowland C i r c l e  
Spectrometer  
Dis tu rbance  E f f e c t s  on System 
S t a b i l i z a t i o n  f o r  Modules C and F (£110 
f i l m  and f /50 E l e c t r o n i c  Imagery) 
R o l l  P o i n t i n g  P r e c i s i o n  
Module E Rowland C i r c l e  Spectrometer  
Module D, E c h e l l e  Spec t rograph  
S t a r  F ind ing  
Summary o f  P o i n t i n g  Implementation 
S t r u c t u r e  T r a n s l a t i o n a l  A c c e l e r a t i o n  
Tole rance  
Line-of-Sight  R e s t r i c t i o n s  
Line of S i g h t  - Figure  Sensor Misalignment 
Thermal1 y Induced D i s  t rubances  
Telescope T r a n s f e r  Lens System 
Concepts and Equipment 
L ine-of -S igh t  (LOS) S t a b i l i z a t i o n  
CHAPTER 8 - GIMBAL POINTING SYSTEM 
Actua to r  S t i c t i o n  E f f e c t s  
Dis tu rbance  Torques A r i s i n g  from t h e  Cabl ing 
Systems 
Mechanical  Resonance Modes 
Residual  Uncompensated F l e x u r e  Bear ing Spr ing  
E f f e c t s  
CHAPTER 9 - GIMBAL POINTING TEST CONSIDERATIONS 
Zero-G S imula t ion  
CHAPTER 1 0  - FREE FLOAT POINTING SYSTEM 
D e s c r i p t i o n  
T h e o r e t i c a l  C o n s i d e r a t i o n s  
Exper imental  R e s u l t s  
D e s c r i p t i o n  
Component E v a l u a t i o n  
P o i n t i n g  System T e s t s  
Page 
PERKIN-ELMER 
TABLE: OF CONTENTS (Continued) 
Report No. 9800 
T i t l e  
-
CHAPTER 11 - TELESCOPE ROTATIONAL CONTROL 
Page 
1-305 
Image Plane Equipment Rota t ion  1-313 
CHAPTER 12 - LTEP MISSION PROFILE 1-321 
Telescope Extension 
Telescope Uncaging 
Ac t iva t ing  Active Optics  
Alignment Procedures 
Experiment Package Act iva t ion  
Guidance S t a r  Acquis i t ion  
Evaluat ion and Adjustment of Po in t ing  System 
Astronomy Data Co l l ec t ion  
Autonomous Mode 
Redocking 
Al t e rna t e  Modes 
PART 2 
CHAPTER 13 - OPTICAL TECHNOLOGY EXPERIMENTS 1-333 
No. 1 
No. 2 
No. 3 
No. 4 
No. 5 
No, 6 
No. 7 
No. 8 
No. 9 
No. 10 
No. 11 
No. 12 
No. 13 
No. 14 
No. 15 
Segmented Primary Mirror 
Super-Cold Telescope 
U t i l i z a t i o n  of Astronaut Eva Capab i l i t y  
U t i l i z a t i o n  of Astronaut t o  Measure Primary 
Mirror Figure wi th  S c a t t e r p l a t e  Technique 
Mirror-Figure Assessment on Ea r th  Using a 
Spacecraf t  Laser (Deleted from t h e  2-Meter 
LTEP) 
Mirror Coating F a c i l i t y  i n  Space 
Thin Def ormable Mirror 
Active Optics  Using Heat Control 
1/100 Arc-Second Telescope Po in t ing  Technology 
Off-Axis Telescope Performance (Deleted - Refer  
t o  OTES In t e r im  Report* f o r  Addit ional  
De ta i l s )  
Radiat ion Noise E f fec t s  on Detectors  i n  Point-  
i ng  Loops 
Mirror-Figure Measurements Corre la ted  with 
Numerous Temperature Sensors 
Telescope Alignment Measurements Corre la ted  
wi th  Numerous Temperature Sensors 
E f f e c t s  of Earthshine on Mirror Figure 
Space and Radia t ion  Ef fec t s  on Opt ica l  Elements 
PERKIN-ELMER 
TABLE OF CONTENTS (Continued) 
T i t l e  
P
CKAPTER 13 - OPTICAL TECHNOLOGY EXPERIMENTS (Continued) 
Report  No. 9800 
No. 16 
No. 17 
No. 18 
No. 19 
No. 20ik 
No. 21 
No. 22 
No. 23 
No. 24 
No. 25 
No. 26 
No. 27 
No. 28 
No. 29 
No. 30 
No. 31 
No. 32 
No. 33 
No. 34 
No. 35 
No. 36  
No. 37 
Remote Manual O p t i c a l  Alignment (Deleted - 
R e f e r  t o  OTES I n t e r i m  ReportJc f o r  
A d d i t i o n a l  D e t a i l s )  
F i g u r i n g  O p t i c a l  S u r f a c e s  i n  Space by 
E n e r g e t i c  I o n i c  Beams (Dele ted  - Refer  
t o  OTES I n t e r i m  ReportJi f o r  A d d i t i o n a l  
D e t a i l s )  
O c c u l t i n g  Disk Experiment (De le ted  - R e f e r  t o  
OTES I n t e r i m  Reportik f o r  A d d i t i o n a l  D e t a i l s )  
P ropaga t ion  of D i f f r a c t i o n - L i m i t e d  Laser  Beams 
(Dele ted  from 2-Meter LTEP Astronomy 
Te lescope)  
P o i n t  Ahead (Deleted From t h e  2-Meter LTEP 
Astronomy Telescope)  
Laser  Beacon A c q u i s i t i o n  i n  Space 
E a r t h s h i n e  and Cloud Cover E f f e c t s  on 
A c q u i s i t i o n  and Track ing  (Deleted from t h e  
2-Meter LTEP Astronomy Te lescope)  
One-Megabit Laser  Communications Experiment 
(De le ted  from t h e  2-Meter LTEP Astronomy 
Te lescope)  
R o t a t i o n  About t h e  Line of S i g h t  (RLOS) 
(Dele ted  from t h e  2-Meter LTEP) 
Track ing  T r a n s f e r  Experiments (Deleted from 
t h e  2-Meter LTEP) 
P o i n t i n g  System Techniques 
Space-to-Ground-to-Space Loop Closure  (De le ted  
from t h e  2-Meter LTEP) 
Atmospheric S c i n t i l l a t i o n  and Image J i t t e r  
Experiment (Deleted from t h e  2-Meter LTEP) 
High-Resolution Atmospheric Absorp t ion  
Measurement 
O p t i c a l  Heterodyning on E a r t h  (Deleted from 
t h e  2-Meter LTEP) 
O p t i c a l  Heterodyning i n  Space 
Atmospheric E f f e c t s  on P o l a r i z a t i o n  (Deleted 
from t h e  2-Meter LTEP) 
C l e a r  ATR Turbulence Research (Deleted from 
t h e  2-Metes LTEP Astronomy Telescope 
O p t i c a l  S c a t t e r i n g  Environment* 
S t e l l a r  I n t e r f e r o m e t r y  
'Cryogenic Space S t r u c t u r e  (77OK) 
Apodiza t ion  and S u p e r r e s o l u t i o n  Techniques 
PERKIN-ELMER 
TABLE OF CONTENTS (Continued) 
Report No. 9800 
Title 
-
CHAPTER 14 - SUPERRESOLUTION AND APODIZING WITH SEGMENTED ACTIVE 
OPTICS 
Superresolution Techniques Utilizing Segmented 
Optics 
Superresolution Techniques 
Analysis of the LTEP Mirror with Two Opaque 
Sect ions 
Analysis of Aperture Occulted by Two Dis- 
placed Symmetric Disks 
Analysis of Six-Segment Mirror with Two Opaque 
Sect ions 
Experimental Results for Superresolution 
Comparison 
Apodization Using Energy Redistribution 
Techniques 
General Theory of Axicon Mapping 
Output Intensity Distribution in the 
Exit Pupil 
Phase Perturbation of Off-Axis Images 
Conclus ions 
CHAPTER 15 - TELESCOPE TKERMAL CONSIDERATIONS 
Introduction 
Thermal Design Objectives 
Thermal Tolerances 
The Hydrogen-Alpha Telescopes 
Analytical Procedure 
Computer Programs 
Nodal Geometry for the Total Telescope 
System 
Transients 
Pseudo-Steady State 
System Peripheral Gradients 
~~dro~en-Alpha Design Results 
Primary Mirror Gradients 
Experimental Techniques 
Test Facility 
Temperature Sensing Instrumentation 
Displacement Sensing Instrumentation 
Burch Scatterplate Interferometer 
Path Length Laser Interferometer 
Data Process ing 
Page 
I- 513 
PERKIN-ELMER Report No. 9800 
TABU OF CONTENTS (Continued) 
Title 
-
CKAPTER 15 - TELESCOPE THERMAL CONSIDERATIONS (Continued) 
Analytical Model 
Solution of Equations 
Theoretical Results 
Analytical Model Evaluation and Comparison 
Mirror Deformation Results 
Mirror Material Considerations 
Dimensional Stability 
Types of Dimensional Instabilities 
Materials Selection 
Criteria for Mirror Materials 
Mechanical Considerations 
Thermal Cons iderations 
A Brief Summary of Optical Materials 
Metals 
Dielectric Materials 
S ummar y 
CHAPTER 16 - HEAT PIPE FEASIBILITY FOR THE LTEP* 
Introduction 
Technical Studies 
System Requirements 
Operating Environment 
Telescope Requirements 
Heat Pipe Des ign Cons iderat ions 
Working Fluids 
Wicking Materials 
Configurations 
Configuration Number One 
Configuration Number Two 
Configuration Number Three 
Conceptual Design 
Heat Pipe Configuration 
Sys tem Des ign 
Conclusions and Recommendations 
Conclusions 
Recommendat ions 
Report  No. 9800 
TABLE OF CONTENTS ( ~ o n t  inued)  
T i t l e  
CHAPTER 17 - NON-SPACE EXPERIMENTS 
Two-Meter Ac t ive  Opt ics  M i r r o r  System 
F a b r i c a t i o n  and O p t i c a l  T e s t i n g  
Ac t ive  P o s i t i o n i n g  of M i r r o r  Segments 
A c t i v e  Te lescope  Alignment and Cont ro l  
F r e e  F l o a t  P o i n t i n g  Experiment 
S t a t u s  of E x i s t i n g  Technology 
Experiment Hardware 
Thermal Vacuum Experiments 
Image Mover F a b r i c a t i o n  and T e s t  Experiment 
Design Cons ide ra t  i o n s  
E f f e c t s  of Therma 1 Environment 
Mechanisms 
F e a t u r e s  
E r r o r  Ana l y s i s  
Conclus ions  and Recommendations 
Pho tograph ic  Systems i n  Snace Environment 
Scope of  P h o t o s e n s i t i v e  Recording 
M a t e r i a l s  Study 
S i m p l i f i e d  Nature  of S i l v e r  H a l i d e  
Photochemical  Reac t ions  
Pho tograph ic  Emulsion Fogging by Van 
A l l e n  B e l t  R a d i a t i o n  
Ba lanc ing  t h e  R e s o l u t i o n ,  Exposure, and 
S p e c t r a l  S e n s i t i v i t y  Requirements of 
Pho tograph ic  M a t e r i a l s  
R a d i a t i o n  Environment 
Experiment O b j e c t i v e  
Experiment J u s t i f i c a t i o n  
T e c h n i c a l  B e n e f i t  
B a s i c  Experiment Hardware 
CHAPTER 18 - RESOURCES ANALYSIS 
Te lescope  Development Program 
P o i n t i n g  Development Pro'gram 
M i r r o r  Research 
P o i n t i n g  Development, T r a n s f e r  Lens 
Sensor  and Ins t r m e n t  Development Program 
Ultraviolet'Diffraction-LFnpieed Telescope 
Modifled E c h a l l a  - Module A 
f / 1 0  F i lm Imageryy Maduld C 
Page 
PERKIN-ELMER Report  No. 9800 
TABLE OF CONTENTS (Cont inued)  
T i t l e  
CHAPTER 1 8  - RESOURCES ANALYSIS (Continued) 
£150 E l e c t r o n i c  Imagery, Module F  
P r i n c e t o n  Experiment Package U l t r a v i o l e t  
E c h e l l e  and £1200 Imagery, Module D 
Rowland C i r c l e  ~ l t r a v o i l e t  Spec t romete r ,  
Module E 
E s t i m a t e  Sensor  and I n s t r u m e n t a t i o n  
Development Cos t s  
F a c i l i t y  P lann ing  
System Development Complex 
O p t i c a l  Development Complex 
A l t i t u d e  C o n t r o l  and Rendezvous Development 
Complex 
S c i e n t i f i c  I n s t r u m e n t  I n t e g r a t i o n  Complex 
S t r u c t u r a l  Development F a c i l i t i e s  
T r a i n i n g  F a c i l i t i e s  
Miss ion  C o n t r o l  Complex 
KSC F a c i l i t i e s  
APPENDIX A - IMAGE TUBES 1-761  
Image Tubes f o r  LTEP Space Astronomy 
Return  Beam Vid icon  Tubes 
Image Or th icon  Tubes 
Secondary Emission Conduction Vidicon (Sec) 
O p t i c a l  C o n f i g u r a t i o n  
M u l t i p l e  Tubes 
Mechanical  Scanning 
Use of Image Movers 
Image Tube Development 
Summary 
APPENDIX B - THE ECHELLE SPECTROGRAPH 
E c h e l l e  Spec t rograph  
General  P r o p e r t i e s  of  a n  E c h e l l e  
Spec t rograph  
Spec t rograph  Design 
Spec t rograph  Readout Technique 
C a l i b r a t i o n  Techniques 
APPENDIX C - USE OF VIDICONS I N  ASTRONOMY I- 785 
S t e l l a r  Photography With t h e  Vidicon I- 785 
Some C o n s i d e r a t i o n s  i n  t h e  Use of  a TV Camera I- 787 
a s  t h e  D e t e c t o r  i n  a n  Astronomical  Telescope 
Vid icon  Response 1-787 
PERKIN-ELMER 
TABLE OF CONTENTS (Cont inued)  
T i t l e  
R e p o r t  No. 9800 
APPENDIX D - CURRENT PROBLEMS I N  INFRARED ASTRONOMY 
I n t e r s t e l l a r  L i n e  A b s o r p t i o n  and E m i s s i o n  by 
I o n  and Molecu le s  
P l a n e t a r y  S t u d i e s  
Thermal Emiss ion  by Gas Clouds  ( P r o t o s t a r s )  
and Heated  I n t e r s t e l l a r  G r a i n s  
I n f r a r e d  S t a r s  
Cosmic Blackbody Background 
R a d i a t i o n  From o u r  Galaxy and O t h e r  Normal 
and P r o t o g a l a x i e s  
Q u a s a r s ,  P u l s a r s ,  and S e y f e r t  G a l a x i e s  
APPENDIX E  - BRIEF DESCRIPTION OF SCATTERPLATE INTERFEROMETER 
APPENDIX F - THE DETECTION OF COMA I N  THE IMAGE OF A STAR USING A 
SLIT AND PHOTOCELL 
PERKIN-ELMER 
Figure 
Frontispiece 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Report No. 9800 
LIST OF ILLUSTRATIONS 
Title 
P
Two-Meter LTEP Space Shuttle Application 
LTEP Model 
LTEP-2-Meter Concept: Extended Configuration 
Large Telescope Experiment Program (LTEP) 
LTEP Operational Modes 
LTEP System Configurations 
Mode 1 - The SWS-I1 LTEP 
LTEP Mode 2-IndependentIUnmanned 
LTEP Mode 3-Independent Launch-Cluster Operation 
LTEP Mode 4 - Independent LaunchIManned Capability 
Development Model 
Diffraction-Limited Orbital Performance Compared 
with Terrestrial Performance for 2-Meter Telescope 
Altitude at which Radiation Incident Normal to 
the Earth's Atmosphere is Reduced to e-1 of its 
Initial Intensity 
Improvement in Efficiency Produced by Overcoating 
an Aluminum Replica Grating with Fresh Aluminum 
and with Fresh Aluminum plus 250 A of MgF 2 ' 
Spectrometer Resolution 
Relative Spectral Responses of Some Typical Plate- 
Filter Combinations used for the Determination of 
Magnitudes and Colors. 
Arrangement of Camera 
Page 
PERKIN-ELMER Report No. 9800 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
P
P l a t e  Magazine and Change Mechanism 
Photographic P l a t e  Assembly 
Exposure and Transfer  Pos i t i ons  of P l a t e s  
P l a t e  Magazine and Trans fe r  Mechanism, Transfer  
Stage 
P l a t e  Magazine and Transfer  Mechanism, Exposure 
P o s i t i o n  
Op t i ca l  Arrangement 
P o l a r i z a t i o n  of t h e  Telescope Mirrors 
P o l a r i z a t i o n  Amplitude and Phase Detect ion System 
P a r t i a l  Coherence Function 
~ i c h e l s o n ' s  S t e l l a r  In te r fe rometer  
D e t e c t a b i l i t y  Curves f o r  In te r fe rometers  
S t e l l a r  In te r fe rometer  U t i l i z i n g  Prisms 
Cross Sec t ion  through Primary Mirror Ce l l  
2-Meter LTEP Mechanical Configurat ion 
High Leve1,Random Vibrat ion C r i t e r i a  Test  Curve 
LTEP 2-Meter Telescope Op t i ca l  Schematic 
Telescope Corrector  De ta i l s  
2 Meter Telescope Geometrical Image S ize  
Meridional and Skew Ray Fans 
Image Mover Concept 
OTES Image Mover Mechanism 
Page 
1-36 
I- 37 
1-38 
1-39 
Report  No. 9800 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
OTES Image Mover F i e l d  Coverage 
OTES R e f l e c t i n g  Microscope 
LTEP R e f l e c t i v e  Microscope -20 M a g n i f i c a t i o n  
LTEP 2-Mete: Te lescope  £150 Vidicon Image F i e l d  
M.T.F. 5000A R a d i a l  D i r e c t i o n  
LTEP 2-Meter Te lescope  £150 Vidicon Image F i e l d  
M.T .F . 50001 T a n g e n t i a l  D i r e c t i o n  
LTEP 2-Meter Te lescope  f /50 Vidicon Image F i e l d  
M.T.F. 25001 - R a d i a l  D i r e c t i o n  
LTEP 2-Meter Te lescope  f /50  Vidicon Image F i e l d  
M.T .F. 25001 - T a n g e n t i a l  D i r e c t  i o n  
LTEP Photograph ic  Image Package 
P r i n c e t o n  Advanced S a t e l l i t e  Spec t rograph  Layout 
E c h e l l e  Spec t rograph  Format 
2-Meter Te lescope  P r i n c e t o n  Exper imental  Package 1 
LTEP 2-Me t e r  Telescope P r i n c e t o n  Experiment 
Package I1 
LTEP 2-Meter Te lescope  Modified E c h e l l e  
LTEP Rowland C i r c l e  Spec t rograph  
F u n c t i o n a l  Block Diagram - Act ive  O p t i c s  System 
Degrees of Freedom f o r  Alignment 
Secondary Mir ro r  Alignment D e t e c t i o n  Arrangement 
O p t i c a l  Arrangement f o r  Measuring Secondary Mirror  
Misalignment w i t h  t h e  F i g u r e  Sensor  
Page 
I- 93 
1-95 
1-97 
1-98 
PERKIN-ELMER 
LIST OF ILLUSTRATIONS (Continued) 
F igure  
5 6 
Report  No. 980Q 
T i t l e  
-
Geometry of Secondary Mir ro r  Alignment Showing 
Coincidence of Primary Prime Focus and Secondary 
F o c i  f o r  a C a s s e g r a i n  Telescope System 
Bas ic  O p t i c a l  Alignment To le rances  
Te lescope  Alignment System - Schematic 
Lateral Image S e p a r a t i o n  
D e t e c t i o n  of Out-of-Focus Condi t ions  
Sensor  O p t i c a l  Schematic 
Sens o r  Image Geometry 
Def ocussed Image Geometry 
C o n f i g u r a t i o n s  and Reference Axes 
Rowland C i r c l e  Spectrometer  
Guidance Opt ics  Schematic 
P o i n t i n g  E r r o r  Sensor  C h a r a c t e r  is  t i c s  f o r  Various 
S l i t  Widths 
Spec t romete r  Energy a t  25001 Versus P o i n t i n g  E r r o r  
and S l i t  Width 
V a r i a t i o n  of Noise-Induced P o i n t i n g  E r r o r  w i t h  
Guide S t a r  Magnitude 
T r a n s f e r  Lens Open Loop Gain v e r s u s  Frequency 
C h a r a c t e r i s t i c  
Guide S t a r  E f f e c t  on P o i n t i n g  E r r o r  f o r  Two-Meter 
Aper tu re  Telescope 
A v a i l a b i l i t y  of Guide S t a r s  
Guide S t a r  P r o b a b i l i t y  
Page 
I- 125 
PERKIN-ELMER Report  No. 9800 
LIST OF ILLUSTRATIONS (Cont inued)  
T i t l e  
-
2-  and 3-Meter Te lescope  Guidance F i e l d  of  View 
90% P r o b a b i l i t y  of a t  L e a s t  Two Guide S t a r s  
Diagram I l l u s t r a t i n g  F i e l d  R e l a t i o n s h i p s  
P h o t o m u l t i p l i e r  Cathode Dark C u r r e n t  E q u i v a l e n t  Wat ts  
Dark C u r r e n t  i n  E q u i v a l e n t  Background S t a r s  Versus 
Temperature 
E s t i m a t e d  E r r o r s  Versus T r a n s f e r  Lens Open Loop 
Gain Crossover  f o r  Module C 
Guide S t a r  Image Geometry 
£ / l o  Image P l a n e  Arrangement f o r  Modules C and F 
C a l c u l a t e d  R e f l e c t a n c e  o f  Evaporated Aluminum a s  a  
F u n c t i o n  of Angle o f  I n c i d e n c e  f o r  A = 546mp and 
A = lop* 
Gimbal-Axis Servo M i s p o i n t i n g  Due t o  Torque Ramps 
Open Loop Gain C h a r a c t e r i s t i c s  f o r  Module C 
S t a r  T r a c k e r  Arrangement 
P o s s i b l e  Gimbal Axis C o n t r o l l e r  
S i m p l i f i e d  Block Diagram f o r  Veh ic le  Control  
E f f e c t s  of  Secondary M i r r o r  Motion 
T r a n s l a t i o n a l  A c c e l e r a t i o n  a t  ATM Gimbals Due t o  
Veh ic le  R o t a t i o n  
I n t e r a c t i o n  Between Veh ic le  and T r a n s f e r  Lens 
C o n t r o l  Sys tems 
Genera t ion  of Refe rence  Image by F i g u r e  Sensor  
Report No. 9800 
F igure  
9 2 
93 
94 
9 5 
9 7 
9 8 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
P
Secondary Mir ror  Line-of-Sight  Control  Concept 
F l ex  P i v o t  Center  S h i f t  vs Angular De f l ec t i on  
Transfer  Lens Mechanical Subassembly, Front  View 
Transfer  Lens Mechanical Subassembly, S ide  V i e w  
Capacitance-Operated P o s i t i o n  Sensor Arrangement 
S ing le  Axis Block Diagram f o r  Secondary Mirror  
(Transfer  Lens) Control  
D i f f e r e n t i a t i o n  C i r c u i t  
Arrangement of ATM, EPC and RPM 
ATM Flexure Bearing 
ATM P i t c h l ~ a w  Actuator  Assembly 
~ i t c h f y a w  Actuator  f o r  ATM 
Schematic-Five Blade Flexure Bearing 
EPC and RPM I n s t a l l e d  i n  Zero-G Simulator  f o r  
Po in t ing  System Tes t ing  
Techniques f o r  Low-Torque Axis Crossing For Cables 
P r i n c i p l e  of "Databr idge" 
Theore t i ca l  Moment vs Angle 
Res to r ing  Torque versus  Angle of Rota t ion  
ATM-A Zero Gravi ty  Simulat ion f o r  EPC Po in t ing  Tes ts  
Mercury Bearing Concept 
Gimbal Support S t r u c t u r e  and Mercury F l o a t  
Gimbal and Support I n s t a l l e d  i n  Tes t  F ix tu re  
PERKIN-ELMER 
F i g u r e  
11 4 
11 5 
116 
117 
11 8  
11 9  
120 
LIST OF ILLUSTRATIONS (Cont inued)  
T i t l e  
-- 
Report  No. 9800 
Dynamic T e s t  F i x t u r e  
MSFC A i r  Bear ing f o r  ATM Checkout 
EPC Gimbal Ring 
EPC Gimbal Ring D e f l e c t i o n  Geometry 
S t r a t o s c o p e  I1 S t r u c t u r a l  Arrangement 
F r e e  F l o a t  Degrees of Freedom 
S i n g l e  Axis Track ing  Sensor  U t i l i z i n g  D i f f r a c t i o n -  
L imi ted  O p t i c s  
Exploded View of  Magnetic Pusher 
Servo  Loop 
Chain  L ink  Transformer 
Image L i g h t  Energy on One S ide  o f  a  Knife  Edge 
Boundary 
Minimum RMS P o i n t i n g  E r r o r  (E ) vs S t e l l a r  Magnitude 
P  
S i n g l e  Axis Track ing  Sensor  U t i l i z i n g  a S i n g l e  
Tube and O p t i c a l  Chopper 
Image Loca t ion  on R e t i c l e  Face 
Sensor  E l e c t r o n i c s  (Two Axis) 
T y p i c a l  Output Wave Forms 
Servo  U t i l i z i n g  I n t e g r a t i o n  ( S i n g l e  Axis)  
Fundamental Guidance Servo Loop ( S i n g l e  Axis)  
Comparison of Servo Loop w i t h  and w i t h  no I n t e g r a t i o n  
A i r  Bear ing Tab le  Concept 
Page 
PERKIN-ELMER 
Figure  
134 
135 
13 6 
137 
138 
139 
140 
141 
142 
143 
144 
145 
LIST OF 1LLUSZ"WATIONS (Continued) 
T i t l e  
-
Report No. 9800 
Automatic-Leveling A i r  Pad System 
Experimental Setup ( 2  Shee ts )  
Magnetic Pusher 
Magnetic Pusher Design 
Co i l  Assembly 
Lower Force Output Range L i n e a r i t y  (Magnetic Pusher) 
Chain Link Transformer 
Chain Link Transformer Tes t  Data 
Grid Table 
Capac i t ive  Sensor E l e c t r o n i c s  
Capac i t ive  Sensor L i n e a r i t y  
Long Term S t a b i l i t y  and Vibra t ion  Po in t ing  Angular 
E r ro r  Measurements 
Long Term S t a b i l i t y  and Vibra t ion  x-Axis D i s -  
placement E r ro r  Measurements 
Magnetic Pusher Force Var i a t i ons  (x-Axis) and 
Resolut ion 
Center ing Axis (x-Axis) Displacement Er rors  Versus 
Force Distrubance Inputs  
Center ing Axis (x-Axis) Displacement E r ro r s  Versus 
Displacement Inputs  
Po in t ing  System Angular E r ro r s  Versus Torque Input  
Disturbances 
Center ing Axis (x-ax is )  Requ i s i t i on  Performance Runs 
PERKIN-ELMER Report No. 9800 
Figure 
LIST OF ILLUSTRATIONS (Continued) 
Title 
P
Pointing Yaw Axis Acquisition Performance Runs 
Typical Loop Interaction 
Typical Effect of Coupling on Open Loop Gain 
Characteristics 
Geometry of Guide Star Image Sensor Location 
Block Diagram Showing Decoupling Computation and 
Associated Switching 
Typical Mechanization for Introducing Roll Correction 
Motions into Experiment Package 
Roll Servo Block Diagram and Bode Diagram 
LTEP Mode 1-AAP Saturn Workshop 
LTEP-2-Meter Concept: Extended Configuration 
Large Telescope Experiment Program (LTEP) 
LTEP Operational Modes 
LTEP System Configurations 
Mode 1 - Tge SWS-I1 LTEP 
LTEP Mode 2-Independent/Unmanned 
LTEP Mode 3-Independent Launch-Cluster Operation 
LTEP Mode 4-Independent Launch-Manned Capability 
PART 2 
Active Optics Concept 
Figure Sensor Concepts 
A Phase-Measuring Interferometer Concept 
Frequency Shifter Assembly 
Page 
1-301 
1-306 
1-308 
PERKIN-ELMER Report  No. 9800 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
P
Frequency S h i f t e r  Opera t ion  
Aspher ic  Measurement Problem 
~ o i r d  P a t t e r n  Ana lys i s  Approach 
F r i n g e  P a t t e r n s  
Breadboard Model of t h e  Advanced F igure  Sensor  
Recomnended I n t e r f e r o m e t e r  Arrangement 
Thermal Arrangement f o r  Supercold  Telescope 
Thermal Expans ion  of Fused S i l i c a  and Low 
Expansion C e r v i t  M a t e r i a l  
Corning Fused S i l i c a  Code 7940 
Combination o f  PMI and SPI a t  "Center of Curvature" 
Technique f o r  Determining Mir ro r  F i g u r e  
O r b i t a l  Mir ro r  Coa t ing  
Aluminum R e f l e c t i v i t y  
OTES Segmented Mir ro r  Technology Experiment Concept 
2-Meter Deformable Mir ro r  System 
Deformable Mirror  Technique Used i n  Back-up Mode 
A c t i v e  Opt ics ,  30-Inch-Diameter, 1 /2  Inch  Thick, 
T h i n  Deformable Mir ro r  and A c t u a t o r  Assembly 
Actua to r  and Reac t ion  Support  Loca t ions  on Thin 
De formabf e Mir ro r  
Model of Res idua l  Deformations i n  36-Inch S t r a t o s c o p e  
Mir ro r  
Page 
PERKIN-ELMER 
LIST OF ILLUSTRATIONS (Continued) 
Report No. 9800 
Fipure 
191 
T i t l e  
-
Control  System Configurat ion f o r  Thin Deformable 
Mirror 
Idea l i zed  Actuator Devices 
Control System Block Diagram 
Funct ional  Diagram of Closed Loop Control  System 
f o r  Thin Deformable Mirror 
S c a t t e r p l a t e  Interferogram of Mirror Before 
Thickness Reduction 
Contour Map of 30-Inch Deformable Mirror Before 
Thickness Reduction 
Interferogram of Thin Mirror Before Active Correct ion 
Interferogram of 30 Inch Mirror Before Alignment, 
Supported with Opt ica l  Axis Horizontal  
Model of Mirror Deviations from Spher ica l  Surface 
Before Alignment - Each Level Represents 112 '  
Wavelength 
Interferogram of 30 Inch Mirror a f t e r  Alignment 
with Active Optics  Control System 
Inteferogram of 30 Inch Mirror Af te r  Alignment with 
Active Optics  Control  System 
Mirror Figure P r o f i l e  Scans from Phase Detector  
Output During Active Control 
Models of Mirror Deviat ions From Spher ica l  Surface 
Before and Af ter  Alignment 
Image of 0.0001 inch Pinhole Source a t  Mirror Center 
of Curvature 
Foucault  Knife Edge Tes t  of 30 Inch Mirror Af te r  
Alignment 
PERKIWELMER Report N O ,  9800 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
-
Page 
In te r fe rogram of 30 Inch Mirror  Af t e r  Alignment I- 4031404 
Scheme f o r  Thermal Control  of Mirror  F igure  1-405 
OTES Technology Telescope Concept 1-407 
Open Loop-Closed Loop Re la t i onsh ips  1-410 
Example Image 
Microdensitometer Scan of Image 
Sensor C h a r a c t e r i s t i c  
Typica l  Po in t ing  Monitor S igna l  
Telescope Geometry 
Cosmic Ray E f f e c t s  
Type of Data Expected f o r  Rad ia t i on  E f f e c t s  1-423 
Experiment 
Block Diagram of Radia t ion  Noise E f f e c t s  on Detec tors  1-424 
i n  Po in t ing  Loops Experiment 
Thermal End Figure Data Processing I- 425 
Thermal and Alignment Data Processing 
Thermal Data Process ing  
Space and Rad ia t i on  E f f e c t s  on O p t i c a l  Elements 1-431 
Transmission and S c a t t e r  Measuring Instrument  1-433 
Op t i ca l  Schematic, S c a t t e r  and Transmiss ion Experiment 1-434 
Remote O p t i c a l  Alignment Schedule 1-4371438 
I o n i c  Po l i sh ing  1-4391440 
Occul t ing  Disk Scheme 
xlnr iii 
PERKIN-ELMER Report  N O .  9800 
LIST OF ILLUSTRATIONS (Cont inued)  
T i t l e  
-
2-Meter ETEP Astronomy Te lescope  
P o i n t  Ahead Geometry 
L a s e r  Beacon A c q u i s i t i o n  
Maximum Time f o r  Beacon D e t e c t i o n  
A c q u i s i t i o n  
E a r t h s h i n e  V a r i a t i o n  
L a s e r  Communication Block Diagram 
RLOS Geometry 
Track ing  T r a n s f e r  Geometry 
P o i n t i n g  S t a b i l i z a t i o n  Techniques 
Vehic le  Motion Due t o  Crew 
Labora to ry  Layout 
P o i n t i n g  Svstem Exper imental  Se tup  
Free  F l o a t  P o i n t i n g  System 
P o i n t i n g  System Techniques,  Block Diagram 
T r a c k i n g  V e r i f i c a t i o n  Scheme 
Scheme f o r  Measurement o f  S c i n t i l l a t i o n  and Image 
J i t te r  
High-Resolut ion Atmospheric Absorp t ion  Measurement 
O p t i c a l  Heterodyning on E a r t h  
O p t i c a l  Heterodyning i n  Space 
Atmospheric E f f e c t s  on P o l a r i z a t i o n  
Page 
PERKIN-ELMER Report  No. 9800 
F i g u r e  
248 
249  
2 50 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
P
Measurement of C l e a r  A i r  Turbulence 1-4831484 
Measurement o f  O p t i c a l  S c a t t e r i n g  1-485 
S u n l i g h t  S c a t t e r e d  From Debr i s  P a r t i c l e s  a s  Func t ion  1-488 
of P a r t i c l e  S i z e  and S c a t t e r i n g  Angle 
D i f f r a c t e d  S u n l i g h t  I n t e n s i t y  Per  R e s o l u t i o n  Element 1-490 
of 1-Meter Te lescope  From S i n g l e  P a r t i c l e  
L i g h t  S c a t t e r i n g  by Dust Motes 1-491 
Block Diagram of O p t i c a l  S c a t t e r i n g  Environment 1-492 
Experiment 
Two-Meter Te lescope  Modified f o r  Michelson 
I n t e r f e r o m e t e r  
S t e l l a r  I n t e r f e r o m e t e r  U t i l i z i n g  Pr isms 1-495 
The Approximate Depth of P e n e t r a t i o n  of R a d i a t i o n  1-500 
I n c i d e n t  Normal t o  t h e  Atmosphere a s  a F u n c t i o n  o f  t h e  
Wavelength 
An I d e a l i z e d  S p e c t r a l  Radiance of t h e  Sun E m i t t i n g  I- 501 
Atmosphere, S u n l i t  Cloud,,and S u n l i g h t - S c a t t e r i n g  C l e a r  
Sky 
Comparison of T h e o r e t i c a l  and Exper imental  V a r i a t i o n  1-503 
of  E m i s s i v i t y  w i t h  E l e v a t i o n  Angle 
300°K, 193OK, 77-OK Blackbodies  I- 505 
S p e c t r a l  Radiance a t  7 7 ' ~  1-506 
Axicon O p t i c a l  Schematic 1-512 
XXX 
Report  No, 9800 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
S u p e r r e s o l u t i o n  P u p i l  Func t ions  
Centra  1 Hexagon Nomenclature 
Nomencalture f o r  Aper tu re  w i t h  5-Segments 
Nomencalture f o r  C i r c u l a r  P u p i l  Obscured by 
Symmetric Discs  
Geometry f o r  Symmetrical  Over lapping Disks  
Four-segment P u p i l  w i t h  C e n t r a l  Obscura t ion  
Non-Obscured 7-Segment Pr imary M i r r o r  
C e n t r a l l y  Obscured 7-Segment Pr imary M i r r o r  
7-Segment M i r r o r  w i t h  2 Opposing Segments Remwed 
7-Segment Mi r ro r  With C e n t r a l  Obscura t ion  and 2 
Opposing Segments Removed 
6-Segment M i r r o r  w i t h  2 Opposing Segments Removed 
6-Segment M i r r o r  w i t h  C e n t r a l  Obscura t ion  and 
2 Opposing Segments Removed 
7-Segment M i r r o r  S i m u l a t i n g  t h e  Wi lk ins  Screen  
C e n t r a l l y  Obscured 7-Segment Mi r ro r  S i m u l a t i n g  
t h e  Wi lk ins  Screen 
7-Segment Mi r ro r  w i t h  C e n t r a l  Obscurat  i o n  Displaced 
by ~ 1 4  
F i r s t  Zero  and C e n t r a l  I n t e n s i t y  f o r  A p e r t u r e  Obscured 
by Symmetric Disks  
C i r c u l a r  Aper tu re  Obscured by Symmetric Disks 
C i r c u l a r  Aper tu re  Obscured by Symmetric Disks 
R e l a t i v e  P o s i t i o n  of F i r s t  Dark Ring f o r  Super- 
r e s o l u t i o n  P u p i l s  
Report  No. 9800 
F i g u r e  
281 
282 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
Tunne 1 Diagram 
M u l t i p l e x i n g  Technique f o r  Energy R e d i s t r i b u t i o n  
Apodizat ion . 
Pa l i n d r o m i c  Mapping Geometry 
Geometry f o r  Off-axis  Performance 
On-Axis I n t e n s i t y  D i s t r i b u t i o n  f o r  b=0.095, 
r / ~ = 0 . 5  and $=0 
Off-Axis Image w i t h  n = 1 
Off-Axis Image w i t h  n = 2 
Off-Axis Image w i t h  n = 3 
S u p e r p o s i t i o n  o f  P o i n t  Image of R e l a t i v e  I n t e n s i t y  
0.01 and Displacement n = 2 o n t o  On-Axis Image 
HCO-Hydrogen Alpha Telescope - A r t i s t  ' s  Concept 
ATM H a  Noda 1 Geometry 
ATM-Ha I n i t i a l  T r a n s i e n t  
Cassegra in  Sec t  :on P e r i p h e r a l  Temperature Grad ien t s  
Sensors  on Back of Mir ro r  
Thermal Contour Map of Back Face of OAO-C Mir ro r  
w i t h  ( P a r a b o l i c )  R a d i a l  Gradient  Impressed on t h e  
M i r r o r .  
O p t i c a l  Schematic of T e s t  Mir ro r  and I n t e r f e r o m e t e r s  
I n t e r f e r o g r a m  of a S c a t t e r p l a t e  
OPD P l o t  of Perkin-Elmer Mir ro r  w i t h  R a d i a l  Gradient  
OPD P l o t  of Perkin-Elmer Mir ro r  i n  I s o t h e r m a l  
Condi t ion  
Temperature Grad ien t s  
x x x i  i 
Report  No. 9800 
LIST OF ILLUSTRATIONS (Cont inued)  
T i t l e  
Temperature  P r o f i l e  of  M i r r o r  S e c t o r  Running From 
Center  of  Edge 
A Review of  The Dimensional  S t a b i l i t y  o f  Bery l l ium 
a s  a n  O p t i c a l  M a t e r i a l  
C o e f f i c i e n t  of  Expansion - V a r i a t i o n  w i t h  Temperature  
R e f l e c t i v i t y  o f  P o l i s h e d  Bery l l ium,  Aluminized 
B e r y l l i u m  and Aluminized Fused S i l i c a  
B a s i c  Heat P i p e  
OTES S e c t i o n  1 Temperature  H i s t o r y  $=0 deg, 1 O r b i t  
OTES S e c t i o n  1 Temperature  H i s t o r y  $=52 deg, 1 O r b i t  
L i q u i d  T r a n s p o r t  F a c t o r  f o r  Candidate  F l u i d s  
M i r r o r  t o  Te lescope  Tube Form F a c t o r  
C o n f i g u r a t i o n  Number One. C i r c u l a r  Heat  P i p e s  
Around Te lescope  Tube 
Temperature  Grad ien t  Reduct ion R e s u l t i n g  From 
C i r c u l a r  Heat  P i p e  
A n a l y s i s  Model 
Temperature Grad ien t  a s  a  Func t ion  of Heat P i p e  
Spac ing  (L) and Te lescope  Skin  Th ickness  ( 8 )  
C o n f i g u r a t i o n  Number Two L o n g i t u d i n a l  Heat  P i p e s  
Along Te lescope  Tube With Vapor Chamber Behind 
Pr imary M i r r o r  
C o n f i g u r a t i o n  Number Three  Radia 1 Vapor Chamber 
Heat  P i p e  w i t h  A r t e r y  Wick 
E f f e c t  of  Wick C h a r a c t e r i s t i c s  and Heat Load on 
Heat P i p e  Diameter 
Heat P i p e  Design 
xxxiii 
LIST OF ILLUSTRATIONS (Continued) 
Title 
Thermal OTES Spar 
Telescope Tube Temperature Distribution 
Model of 2-m Mirror 
Mirror Radial Temperature Gradient 
Mirror AT vs. Vapor Chamber Length 
Mirror Radial Temperature Gradient 
Mirror AT vs. Vapor Chamber Length 
Report No. 9800 
Average Mirror Temperature and Form Factor to 1-639 
- 112 OF Vapor Chamber 
Test Configuration 1-645 
Hologram Interferometer Testing 1-646 
Hologram Interferometer Testing 1-646 
Modified Twyman-Green Phase-Measuring Interferometer, 1-647 
Optical Schematic 
Figure Sensor Concepts 
A Phase-Measuring Interferometer Concept 
Basic Optical Schematic 
Air Bearing Table Concept 
Pointing System Experimental Setup 
Self-centering AirPad System 
Long Term Stability and Vibration Yaw Axis 
Angular Error Measirements 
Report  No. 9800 
LIST OF ILLUSTRATIONS (Continued) 
T i t l e  
P o i n t i n g  System Angular E r r o r s  Versus  Torque 1-662 
I n p u t  Dis tu rbances  
P o i n t i n g  E r r o r s  Due t o  Cross  Coupl ing From t h e  1-663 
X-Axis Displacement Servo 
Perkin-Elmer Vacuum F a c i l i t y  1-667 
Perkin-Elmer Vacuum F a c i l i t y  1-668 
Schemat ic  of 1 /100  Arc Second P o i n t i n g  Experiment 1-669 
Schemat ic  of  T r a c k i n g  O p t i c s  1-672 
D e r i v a t i o n  of  Track ing  D i s c r i m i n a n t  f o r  S imula t ion  1-673 
of 2-Meter Disc r iminan t  
Block Diagram of T r a c k i n g  System 1-675 
ATM Dual-Axis A u t o c o l l i m a t o r  (Cover Removed) 1-676 
ATM Dual-Axis A u t o c o l l i m a t o r  1-677 
Image Mover O p t i c a l  Elements 1-683 
Image Mover P i v o t e d  About Both Axes 1-684 
Image Mover Mechanical  Design Layout 1-687 
Displacement of a n  A r b i t r a r y  P o i n t  i n  Image Mover 1-690 
Element 
Radia 1 Temperature Deformation 1-69 1 
L i n e a r  Temperature  Deformation 1-692 
Worst-Case T i l t s  and Displacement Due t o  Temperature 1-693 
G r a d i e n t s  
T r a n s v e r s e  A b e r r a t i o n  f o r  P e r f e c t  System (a )  1-694 
and f o r  System Having G r o s s T i l t s  and D e c e n t r a t i o n s  (b) 
Image Mover F i e l d  Coverage 6-700 
G r a n u l a r i t y  vs .  Reso lv ing  Power f o r  Var ious  A e r i a l  1-7 18 
F i lms  From t h e  "Manual of P h y s i c a l  P r o p e r t i e s  o f  Kodak 
A e r i a l  and S p e c i a l  S e n s i t i z e d  M a t e r i a l s "  
Report  No. 9806 
F i g u r e  
358 
LIST OF ILLUSTRATIONS (Cont inued)  
T i t l e  
R e l a t i v e  G r a i n i n e s s  and T o t a l  Fog a s  a Func t ion  1-7 19 
of X-Ray Dose 
Log Exposure (meter-candle-seconds) 1-720 
S h i e l d i n g  Requirements a s  a Func t ion  of Nunber 1-723 
of Days Exposure 
S h i e l d i n g  Weight Feeded t o  S h i e l d  a C y l i n d r i c a l  1-724 
Volume from Doses Exceeding one Radian a s ' a  Fudc t ion  
o f  Days Exposure. 
E c h e l l e  Spectrograms 1-728 
Two-Element E c h e l l e  Spectrograph 1-729 
E f f e c t  of B laze  Angle (a) on P r e d i s p e r s e r  G r a t i n g  1-73 1 
E f f i c i e n c y  
I l l u s t r a t i n g  I m p o s s i b i l i t y  of Achieving Design 1-732 
Blaze  Angle 
Breadboard G r a t i n g  Assembly Two-Element E c h e l l e  1-733 
Spec t rograph-Pr ince ton  U n i v e r s i t y  
V a r i a b l e  Blaze  Focusing Gra t ing  1-734 
Exper imental  Breadboard System 1-736 
PERT Schedule  1-739 
Funding Requirements f o r  T i t a n  I I I C  - Unmanned - 
LTEP and Rendezvous LETP I- 740 
C 
Funding Requirements f o r  Sky Lab - LTEP 1-741 
- 
... 
- $ 
Funding Retqirirements f o r  S a t u r n  IB-LTEP (with  Motel)  1-742 
Fundihg R e q a i r m e n  ts f o r  Experiment Modules 1-748 
Sys tam mvelopment  C m p l e x  1-751 
O p t i c a l  Drrvalopment C b p l e x  1-753 
PERKIN-ELMER Report No. 9800 
LIST OF ILLUSTRATIONS (Continued) 
Title 
Attitude Control and Rendezvous Development Complex I- 755 
Scientific Instrument Integration Complex 1-757 
Training Facilities 1-758 
xxxvi i 
Report No. 9800 
LIST OF TABLES 
Table 
1 
2 
Title 
Comparative Photoelectric Performance 
An Indication of the Important Spectral Range and 
Spectral Widths To Be Expected in W Spectra 
for Various Astrophysical Groups 
Plate-Filter Combinations for Various Magnitude 
Sys tems 
Atmospheric Limitations 
Interesting Objects 
Infrared Detector Summary 
Atmospheric Absorption 
Atmospheric Transmission "Windows" 
Background from Telescope Thermal Emission 
Mt. Wilson Interferometer Results 
Narrabi Observatory Intensity 
LTEP Optical Parameters 
Assumed Parameter Values for £/lo TAS System 
Required Pointing Accuracies 
EPC Control System Pointing Capability 20 
CMG Control System Pointing Capability 20 
Performance of Spectrometer Guidance Sensor 
Relative to Roof Prism Sensor 
Spectrometer Signal Fluctuations Versus Slit Width 
ry of Estimated Guidance Performance 
Characteristics 
Two-Meter Telescope Parameters for Pointing Control 
In: OAO Sensor Chasacteristfcs 
xxxv i i i 
PERKIN-ELMER Report No. 9800 
Table 
2 2 
2 3 
LIST OF TABLES (Continued) 
Title 
Cantilever Beam Formula 
Estimated Values for Solar Radiation Induced 
Deflections 
Estimated Crossover Frequencies for Active Optic 
Control Loops 
Actuator Package Final Design Parameters 
Magnetic Pusher Specifications 
Chain Link Transformer Specification 
Efficiency Measurements 
Capacitive Sensor Specification 
Fine Roll Servo Estimated Parameters 
PART 2 
- 
Test Samples 
List of Values for Superresolution Isophote Plots 
Summary of H-Alpha Telescope Thermal Tolerances 
Temperature Gradients and Resulting Displacements 
Summary of Predicted Thermoelastic Deformation for 
the OAO-C Mirror 
Comparison of Experimental and Analytical Results 
Weight and Thickness of Solid Mirrors 1 Meter in 
Diameter with a Self Weight Deflection of 0.06 
Made of Selected Materials 
Thermal Gradient and Deflection of 1-meter Diameter 
Mirrors Exposed to Normal Incident Heat Flow of 
7 x 10-3 watts /cm2 
Thermal Properties of Selected Materials 
Physical Properties of Mirror Materials 
Candidate Working Fluids 
PERKIN-ELMER Report No. 9800 
Table 
P 
42 
4 3 
44 
LIST OF TABLES (Continued) 
Title 
Properties of Selected Fluids 
Typical Wick Properties 1-6 14 
Mirror Temperature as a Function of Vapor Chamber 1-632 
Length (8 = 2750 seconds) 
Mirror Temperature as a Function of Vapor Chamber 1-636 
Length (8 = 4550 seconds) 
Comparison of Experimental and Analytical Results 1-681 
Tilts and Displacements Resulting from Axial and 1-689 
Radial Gradients in the Image Movers 
Advantages and Disadvantages of Spectroscopic 1-711 
Plates and Films (103a and IIa) 
Advantages and Disadvantages of Ultraviolet 
Coated Spectroscopic Plates and Films (103a and IIa) 1-713 
Advantages and Disadvantages of "Schumann" Emulsions 1-714 
(SWR, DC-3, SC-5, and SC-7) 
Reciprocity Failure of SWR 
Flight Plan Resources (1970) 
PERKIN---ELMER Report  No. 9800 
EXPERIMENT NO. 1 - SEGMENTED PRIMARY MIRROR 
The concept  of A c t i v e  O p t i c s  f o r  l a r g e  a s t r o n o m i c a l  t e l e s c o p e s  c o n s i s t s  
of measur ing t h e  o p t i c a l  f i g u r e  of  t h e  pr imary m i r r o r ;  computing any e r r o r s ;  
and a u t o m a t i c a l l y  r e a l i g n i n g  t h e  m i r r o r  t o  i t s  o r i g i n a l  d e s i g n  f i g u r e ,  e i t h e r  
by p o s i t i o n i n g  p i e c e s  of  a  segmented m i r r o r  ( F i g u r e  1 6 8 )  o r  by f l e x i n g  a  r e l a -  
t i v e l y  t h i n  m i r r o r  as d i s c u s s e d  i n  Experiment 7.  A v a r i e t y  of o p t i c a l  f i g u r e  
moni to r s  have  been e v a l u a t e d  f o r  t h e  f i g u r e  s e n s i n g ;  however, i n t e r f e r o r n e t r i c  
measurements a r e  t h e  o n l y  ones  t h a t  produce q u a n t i t a t i v e  d a t a  w i t h  t h e  r e q u i r e d  
accuracy  and s h o r t  r e s p o n s e  t ime  r e q u i r e d  f o r  an  a u t o m a t i c  c o n t r o l  sys tem.  
The fundamental  o b j e c t i v e  of t h i s  exper iment  i s  t o  p r o v i d e  a n  e n g i n e e r i n g  
e v a l u a t i o n  of t h e  most promis ing t e c h n i c a l  approaches  t o  a c h i e v i n g  d i f f r a c t i o n -  
l i m i t e d  performance of s p a c e  o p t i c a l  sys tems l e a d i n g  t o  t h e  s p a c e  t e l e s c o p e s  
o f  t h e  f u t u r e  w i t h  a p e r t u r e s  o f  200 t o  400 i n c h e s .  The i n d i v i d u a l  segments  
would b e  a l i g n e d  t o  each o t h e r  t o  form t h e  d i f f r a c t i o n - l i m i t e d  2-meter a p e r t u r e .  
The p o s i t i o n  of e a c h  m i r r o r  segment would be  sensed  by t h e  m i r r o r  f i g u r e  s e n s o r  
( a  phase-measuring i n t e r f e r o m e t e r )  and moved t o  t h e  p roper  l o c a t i o n  by t h e  
A c t i v e  O p t i c s  a c t u a t o r  s e r v o  mechanism. The f i g u r e  of  each  i n d i v i d u a l  segment 
would a l s o  b e  i n d i v i d u a l l y  moni tored d u r i n g  t h e  o p e r a t i o n a l  l i f e  t ime  o f  t h e  
LTEP t o  de te rmine  m i r r o r  m a t e r i a l  t h e r m a l  and d imens iona l  s t a b i l i t y .  
The e n t i r e  i n s t r u m e n t  would b e  u s e f u l  a s  a  l a r g e  d i f f r a c t i o n - l i m i t e d  t e l e s c o p e  
f o r  e v a l u a t i o n  of t h e  a s t r o n o m i c a l  o b s e r v a t i o n s  which can b e  conducted w i t h  
a n  Ac t ive  O p t i c s  segmented pr imary m i r r o r .  
The j u s t i f i c a t i o n  f o r  u s i n g  a n  A c t i v e  O p t i c s  pr imary i n  t h e  2-meter OTES i s  
based  on t h e  need f o r  a  l a r g e ,  d i f f r a c t i o n - l i m i t e d  o r b i t i n g  a s t r o n o m i c a l  t e l e -  
scope .  The advan tages  of  h a v i n g  such a  t e l e s c o p e  above t h e  e a r t h ' s  a tmosghere  
have been d e s c r i b e d  i n  t h e  t e c h n i c a l  p r e s s .  Quot ing a  r e c e n t  p u b l i c a t i o n  
of t h e  Ad Hoc Committee on t h e  Large Space Te lescope  of t h e  Space S c i e n c e  
Board. 
 he image of a  p o i n t  s o u r c e  shou ld  be  n e a r l y  a s  s h a r p  
a s  i s  p e r m i t t e d  by t h e  f i n i t e  wavelength  of l i g h t  and 
h e l d  s t e a d y  w i t h  r e s p e c t  t o  t h e  pho ton-ana lyz ing  
i n s t r u m e n t s .  The f i e l d  of  v iew o v e r  which good images 
a r e  o b t a i n e d  shou ld  be a s  wide a s  f e a s i b l e .  Sharp 
imagery i s  t h e  second object iveik* i n  p l a c i n g  a  
t e l e s c o p e  above t h e  a tmosphere ,  whose mot ions  and 
t h e r m a l  m i c r o s t r u c t u r e  c o r r u g a t e  t h e  wavef ron t ,  w i t h  
a  r e s u l t a n t  l o s s  of  phase  coherency,  t o g e t h e r  w i t h  
s p r e a d i n g  and d i s t o r t i o n  of  t h e  image." 
&(r 
S c i e n t i f i c  Uses of t h e  Large Space Te lescope ,  Space Sc ience  Board. 
Nat '  1. Academy of S c i e n c e s ,  Washington, D. C . ,  1969. 
** 
The o t h e r  o b j e c t i v e  was extended s p e c t r a l  range f o r  pr imary o p t i c s .  
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Figure 168. Active Optics Concept 
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A c t i v e  O p t i c s  i s  t h e  most p romis ing  t e c h n i q u e  f o r  f u l f i l l i n g  t h i s  need by making 
p o s s i b l e  t h e  c o n s t r u c t i o n  of a  l a r g e  t e l e s c o p e  m i r r o r  which can m a i n t a i n  i t s  
f i g u r e  t o  t h e  d i f f r a c t i o n - l i m i t e d  q u a l i t y  r e q u i r e d .  
There  a r e  impor tan t  a d v a n t a g e s  o f  an  a c t i v e  segmented o p t i c s  primary m i r r o r .  
e A d i f f r a c t i o n - l i m i t e d  l a r g e  m i r r o r  can  be manufactured 
e Weight s a v i n g  i n  l a r g e  m i r r o r s .  
e Maintenance i n  space  of  pr imary m i r r o r  by a s t r o n a u t  
e " ~ a u n c h a b i l i t y "  of a g i a n t  m i r r o r  by assembly of 
segments i n  space .  
The 2-meter a p e r t u r e  LTEP w i l l  f u n c t i o n  a s  a  p r e c u r s o r  t o  t h e  3- t o  5- m e t e r  
'NASO. The 2-meter t e l e s c o p e  f l i g h t  w i l l  b e  low a l t i t u d e ,  c o n c e n t r a t i n g  on op- 
t i c a l  t echno logy  and manned o b s e r v a t o r y  o p e r a t i o n s .  The importance  of  t h e  2- 
meter  LTEP stems from t h e  s p a c e  exper iments  planned and t h e  s o l u t i o n s  t o  ques- 
t i o n s  which cannot  b e  answered u n t i l  t h e  f l i g h t  d a t a  i s  reduced.  The j u s t i f i -  
c a t i o n s  f o r  t h e  2-meter LTEP t e l e s c o p e  and t h e  o p t i c a l  exper iments  a r e  l i s t e d  
b e  low: 
e R e s o l u t i o n  o f  t h e  d a y l i g h t  astronomy q u e s t i o n .  
e R e s o l u t i o n  of  t h e  low-high a l t i t u d e  o r b i t  q u e s t i o n  
f o r  s p a c e  t e l e s c o p e s .  
~ e s o l u t i o n  of t h e  pr imary m i r r o r  m a t e r i a  1 long-term dimensiona 1 
s t a b i l i t y  and the rmal  d i s t o r t i o n  t o l e r a n c e s .  
e Help  i n  r e s o l v i n g  t h e  astronomy m i s s i o n  f o r  a  N a t i o n a l  Astronomy 
Space Observa to ry .  
P r o v i s i o n  o f  space  d a t a  on t e l e s c o p e  suspens ions  f o r  t h e  
n e x t  g e n e r a t i o n  o f  l e s s  t h a n  2-meter s p a c e  t e l e s c o p e s .  
e R e s o l u t i o n  o f  some of t h e  manned astronomy q u e s t i o n s  
i n c l u d i n g  t h e  d u t i e s  and performance l i m i t s  of 
a s t r o n a u t s  working w i t h  l a r g e  s p a c e  t e l e s c o p e s .  
e P r o v i s i o n  of  space  maintenance d a t a  i n  a  l a r g e  t e l e -  
scope conceived and des igned  from t h e  v e r y  beg inn ing  f o r  
in - space  f l i g h t  maintenance.  
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The f l i g h t  exper iment  of  t h e  2-meter t e l e s c o p e  f o r  c o l l e c t i o n  of  o p t i c a l  t echno-  
l o g i c a l  d a t a  i s  even more u s e f u l  t o  NASA because  t h e  2-meter LTEP i s  a b l e  t o  
f u n c t i o n  as a 2-meter t e l e s c o p e  w i t h  d i f f r a c t i o n - l i m i t e d  performance.  Thus ,  
i t  can a l s o  be  used  f o r  a s t r o n o m i c a l  o b s e r v a t i o n s  d u r i n g  t h e  exper iment  phase  af- 
t e r t h e  l aunch  and w i l l  be a v a i l a b l e  f o r  f u l l  t i m e  astronomy u s e  a t  t h e  c o n c l u s i o n  
o f  t h e  o p t i c a l  t echno logy  exper iments .  
The concept  of  a l i g n i n g  t h r e e  segments o f  a s p h e r i c a l  m i r r o r  h a s  been demons t ra ted  
s u c c e s s f u l l y  a t  p e r k i n - ~ l m e r *  and h a s  been d i s c u s s e d  i n  d e t a i l  i n  t h e  p r e v i o u s  
OTES repor t s .**  T h i s  s e c t i o n  d i s c u s s e s  t echno logy  advancest '  i n  t h e  d e s i g n  
concept  f o r  key e lements  i n  a n  o p t i c a l  f i g u r e  s e n s o r  which a r e  s u i t a b l e  f o r  
e v e n t u a l  u s e  i n  a spaceborne  a c t i v e  o p t i c s  t e l e s c o p e .  The s p e c i f i c  o b j e c t i v e s  
a r e  t o  develop:  1) a s o l i d  s t a t e  o p t i c a l  f requency s h i f t e r ,  2 )  a  t e c h n i q u e  
f o r  measur ing  a p a r a b o l i c  pr imary m i r r o ~ ,  and 3) a concept  f o r  measur ing t h e  
a l ignment  o f  t h e  secondary  m i r r o r .  The b a s i c  f i g u r e  s e n s o r  employs a n  i n t e r -  
f e r e n c e  phase  measur ing  i n t e r f e r o m e t e r  combined w i t h  e l e c t r o n i c  c i r c u i t s  f o r  
making measurements i n  r e a l  t ime.  
Two approaches  were i n v e s t i g a t e d  f o r  t h e  f requency s h i f t e r :  
1. Doppler f requency s h i f t  by mechan ica l  t r a n s l a t i o n  of a r e f e r e n c e  
r e f  l e c t o r  
2 .  R o t a t i n g  1/4h p l a t e  i n  c i r c u l a r l y  p o l a r i z e d  l i g h t ,  where r o t a t i n g  
b i r e f r i n g e n c e  e f f e c t  i s  produced by a r o t a t i n g  s h e a r  s t r e s s  wave 
i n  a n  e l e c t r o - a c o u s t i c a l - o p t i c a l  device .  
The Doppler approach was s e l e c t e d  because  of  i t s  s i m p l i c i t y  and e a s e  of manu- 
f a c t u r e .  The b readboard  u n i t  c o n s i s t e d  o f  a r e f e r e n c e  m i r r o r  mounted i n  a 
p i e z o e l e c t r i c  c y l i n d e r .  A t r i angu la rewaveform e l e c t r o n i c  d r i v e  g e n e r a t e s  
a c y c l i c  d i sp lacement  of 4h p e r  e x c u r s i o n  a t  a  r a t e  t h a t  produces  a n  o p t i c a l  
f r equency  s h i f t  of 2500 Hz. 
* 
Rober tson,  H . J . :  Ac t ive  O p t i c a l  System f o r  Spaceborne Te lescopes .  NASA 
CR-66297, The Perkin-Elmer Corpora t ion ,  Oct. 1966. 
Rober tson,  H . J . :  Ac t ive  O p t i c a l  System f o r  Spaceborne Te lescopes  F i n a l  
Repor t .  NASA CR-66489, The Perkin-Elmer  Corpora t ion ,  Dec. 1967. 
** 
Wisch in ia ,  H.F.:  O p t i c a l  Technology Experiment S a t e l l i t e .  PerkineElmer  
Eng ineer ing  Repor t s  Nos. 8500 and 8900. 
"f Many o f  t h e  d e s i g n  concep t s  were reduced t o  p r a c t i c e  i n  C o n t r a c t  
NAS20-2012 moni tored by ERC. 
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Three  approaches  were i n v e s t i g a t e d  f o r  t h e  a s p h e r i c  measurement t e c h n i q u e :  
1. An a s p h e r i c  r e f e r e n c e  r e f l e c t o r  t h a t  g e n e r a t e s  wavefront  d i s -  
t o r t i o n s  i d e n t i c a l  t o  t h e  o p t i c a l  p a t h  d i f f e r e n c e  between 
t h e  p a r a b o l a  and a  r e f e r e n c e  s p h e r e .  
2 .  A n u l l  c o r r e c t o r  t h a t  g e n e r a t e s  s p h e r i c a l  a b e r r a t i o n s  t h a t  
a r e  e x a c t l y  complementary t o  t h e  s p h e r i c a l  a b e r r a t i o n s  of a  
p a r a b o l a  when viewed from i t s  p a r a x i a l  c e n t e r  of  c u r v a t u r e .  
/ 3 .  A n a l y s i s  of t h e  moi re  p a t t e r n  r e s u l t i n g  from t h e  s u p e r -  
p o s i t i o n  of  a  r e a l  and a  c a l c u l a t e d  f r i n g e  p a t t e r n  r e s u l t -  
i n g  from t h e  o p t i c a l  p a t h  d i f f e r e n c e  between t h e  p a r a b o l a  
and a  s p h e r i c a l  r e f e r e n c e  r e f  l e c t o r .  
/ i'hc n ~ o i r e  p a t t e r n  approach  was s e l e c t e d  Lccause i t  o r r e r e d  g r e a t e r  f l e x i b i l i t y  
and fewer o p t i c a l  e l ements  t h a t  might i n t r o d u c e  f i g u r e  e r r o r s ,  and t h e  c a l c u -  
l a t e d  f r i n g e  p a t t e r n  i s  r e l a t i v e l y  s i m p l e  t o  manufacture .  A r e f e r e n c e  p a t t e r n  
was d e s i g n e d  and made t o  measure a n  8- inch £11  p a r a b o l a .  T e s t s  showed t h a t  t h e  
t e c h n i q u e  can  be used  w i t h  t h e  phase  measur ing i n t e r f e r o m e t e r  w i t h  no added 
complex i ty .  T e s t s  w i t h  good £11, $ - inch  p a r a b o l a  showed t h a t  t h e  t e c h n i q u e  
i s  p r a c t i c a l ,  b u t  more c a l c u l a t i o n s  must b e  performed t o  make a  p e r f e c t  r e f e r -  
ence  p a t t e r n .  
An o p t i c a l  ar rangement  was i n v e s t i g a t e d  f o r  measur ing t h e  secondary a l i g n -  
ment w i t h  t h e  pr imary m i r r o r  f i g u r e  s e n s o r .  C a l c u l a t i o n s  i n d i c a t e  t h a t  t i l t  
a l ignment  c a n  b e  measured w i t h  t h e  r e q u i r e d  accuracy .  A x i a l  a l ignment  must 
be moni to red  a t  t h e  i n s t r u m e n t  f o c a l  p l a n e .  
A recommended o p t i c a l  ar rangement  and b.lock diagram h a s  been developed f o r  
a  working model f i g u r e  s e n s o r  t h a t  u s e s  t h e  Doppler f r equency  s h i f t e r  
/ 
and moi re  p a t t e r n  a n a l y s i s .  
I n  t h e  a c t i v e  o p t i c s  a p p l i c a t i o n ,  one beam of a  Twyman-Green i n t e r f e r o m e t e r  
i s  r e f l e c t e d  from a  p l a n e  r e f e r e n c e  r e f l e c t o r ;  t h e  second beam i s  c o n v e r t e d  
by a l e n s  t o  a  d i v e r g i n g  s p h e r i c a l  wavefront .  (See F i g u r e  169 .) The f i g u r e  
s e n s o r  i s  l o c a t e d  s o  t h a t  t h e  d i v e r g i n g  wavefront  i s  c o n c e n t r i c  abou t  t h e  
c e n t e r  o f  c u r v a t u r e  of  t h e  m i r r o r  under  t e s t .  I f  t h e  m i r r o r  h a s  a  s p h e r i c a l  
s u r f a c e  and i s  a l i g n e d  s o  t h a t  i t s  c e n t e r  of c u r v a t u r e  i s  l o c a t e d  a t  t h e  
c e n t e r  o f  d ive rgence  of t h e  wavef ron t ,  t h e  l i g h t  w i l l  be  r e f l e c t e d  back e x a c t l y  
upon i t s  i n c i d e n t  p a t h .  It w i l l  t h e n  p a s s  back th rough  t h e  l e n s  and a g a i n  
become a  p l a n e  wavef ron t .  Thus, f o r  a  p e r f e c t  s p h e r i c a l  m i r r o r ,  i n t e r f e r e n c e  
t a k e s  p l a c e  a t  t h e  b e a m s p l i t t e r  between two c o p l a n a r  w a v e f r o n t s .  When t h e r e  
a r e  s u r f a c e  i r r e g u l a r i t i e s  on t h e  m i r r o r  under  t e s t ,  o r  when i t  i s  m i s a l i g n e d ,  
t h e  r e t u r n  wavefront  w i l l  no t  b e  a c o p l a n a r  w i t h  t h e  r e f e r e n c e  wavefront  a t  
t h e  p o i n t  of  i n t e r f e r e n c e .  For  t i l t  misal ignment ,  t h e  i n t e r f e r e n c e  . wave- 
f r o n t s  w i l l  be  approx imate ly  p l a n e  b u t  n o t  p a r a l l e l ,  p roduc ing  a  f r i n g e  p a t t e r n  
c o n s i s t i n g  of s t r a i g h t  l i n e s .  For  a x i a l  misa l ignment ,  i n t e r f e r e n c e  w i l l  t a k e  
p l a c e  between a  p l a n e  wavefront  and a  s l i g h t l y  s p h e r i c a l  wavef ron t .  Thfs  
produces  a c i r c u l a r  f r i n g e  p a t t e r n ,  Small  1-ocal ized f i g u r e  e r r o r s  produce 
l o c a l i z e d  phase s h i f t s  i n  t h e  f r i n g e  p a t t e r n .  
1-337 
T i l t  E r r o r  A x i a l  E r r o r  C o r r e c t  Ast igmat ism 
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I n  a p r a c t i c a l  t e l e s c o p e ,  t h e  primary m i r r o r  w i l l  n o t  have a s p h e r i c a l  f i g u r e ,  
bu t  w i l l  probably  be  c l o s e  t o  a  par.a.b.ola.. Therefor .e ,  t e c h n i q u e s  a r e  r e q u i r e d  
t o  a d a p t  t h e  f i g u r e  s e n s o r  t o  
The f i g u r e  o f  t h e  pr imary m i r r o r  i n  a  spaceborne t e l e s c o p e  must be  main- 
t a i n e d  w i t h  a n  accuracy  t h a t  w i l l  p rov ide  d i f f r a c t i o n - l i m i t e d  performance.  
T h i s  means t h a t  t h e  f i g u r e  s e n s o r  must be  a b l e  t o  d e t e c t  n o t  j u s t  i n t e r -  
f e r e n c e  f r i n g e s  b u t  e r r o r s  t h a t  r e s u l t  i n  o n l y  small f r a c t i o n s  of a  f r i n g e .  
The concept  of e l e c t r o n i c  o p t i c a l  phase measurement was developed t o  p r o v i d e  
t h i s  accuracy .  Thks concept  h a s  been d e s c r i b e d  i n  d e t a i l  by a  number o f  p re -  
v ious  p u b l i c a t i o n ~  and w i l l  b e  d e s c r i b e d  o n l y  b r i e f l y  h e r e .  
The e l e c t r o n i c  phase  measur ing i n t e r f e r o m e t e r  i s  a  two-beam i n t e r f e r o m e t e r  
i n  which o p t i c a l  wavefront  phase  i s  conver ted  t o  a n  e l e c t r o n i c  c a r r i e r  phase  
and i s  t h e n  e l e c t r o n i c a l l y  ana lyzed .  T h i s  makes i t  p o s s i b l c  t o  s e n s e  f i g u r e  
e r r o r s  i n  r e a l  t ime .  F i g u r e  1 7 0 5 s  a  schemat ic  o f  a  s i m p l i f i e d  v e r s i o n  of 
t h e  phase  measur ing i n t e r f e r o m e t e r  w i t h  coheren t  i l l u m i n a t i o n  and w i t h  p l a n e  
r e f l e c t i n g  s u r f a c e s  i n  each i n t e r f e r e n c e  beam. I f  bo th  r e f l e c t o r s  a r e  p e r f e c t l y  
p l a n e  and p a r a l l e l  t o  t h e  wavefront ,  i n t e r f e r e n c e  w i l l  occur  between two p l a n e  
p a r a l l e l  wavef ron t s  producing a  l i g h t  p a t t e r n  wi th  uniform i n t e n s i t y  o v e r  i t s  
e n t i r e t y .  I f  t h e  r e f e r e n c e  r e f l e c t o r  i s  t r a n s l a t e d  a t  c o n s t a n t  v e l o c i t y  
a l o n g  t h e  o p t i c a l  a x i s  normal t o  t h e  wavefront ,  t h e n  t h e  l i g h t  p a t t e r n  i n t e n s i t y  
w i l l  v a r y  through maximum and minimum l e v e l s  i n  a  s i n u s o i d a l  f a s h i o n  w i t h  
i d e n t i c a l  phase  over  t h e  e n t i r e  p a t t e r n .  Two d e t e c t o r s  a r e  p laced  i n  t h e  
o u t p u t  p l a n e :  one a t  a p o s i t i o n  a r b i t r a r i l y  s e l e c t e d  a s  a  r e f e r e n c e ,  and one 
a t  a  s p o t  c o r r e s p o n d i n g  t o  a s p o t  of unknown f i g u r e  on t h e  t e s t  s u r f a c e .  
These c o n v e r t  t h e  c y c l i n g  l i g h t  p a t t e r n  i n t o  two c y c l i n g  e l e c t r o n i c  v o l t a g e s  
o r  c a r r i e r s .  I f  a  s m a l l  p o r t i o n  of t h e  t e s t  s u r f a c e  i s  h i g h  i n  r e l a t i o n  t o  
t h e  r e s t  o f  t h e  s u r f a c e ,  t h e r e  w i l l  be a r e l a t i v e  phase  s h i f t  of  t h e  e l e c t r o n i c  
s i g n a l  g e n e r a t e d  from t h e  cor responding  p o i n t  i n  t h e  l i g h t  p a t t e r n .  
I n  p r a c t i c a l  implementat ion of t h i s  concep t ,  l i n e a r  t r a n s l a t i o n  of t h e  
r e f e r e n c e  r e f l e c t o r  i s  regarded  a s  c a u s i n g  a  c o n t i n u o u s l y  i n c r e a s i n g  phase  
s h i f t  i n  t h e  r e f e r e n c e  beam. Continuous i n c r e a s e  i n  phase of a  c a r r i e r  i s  t h e  
same a s  a  f i x e d  change i n  f requency.  Thus, a n  o p t i c a l  i s  
r e q u i r e d  f o r  t h e  e l e c t r o n i c  phase  measur ing i n t e r f e r o m e t e r .  
Jc 
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?'< There fo re ,  Perkin-Elmer,  under c o n t r a c t  t o  NASA/ERC, s a t i s f i e d  t h e  f o l l o w i n g  
o b j e c t i v e s  : 
@ Design, f a b r i c a t e ,  t e s t ,  and e v a l u a t e  two d i f f e r e n t  
s o l i d - s t a t e  f r equency  s h i f t e r s  f o r  use  i n  a  phase-  
measur ing i n t e r f e r o m e t e r .  
@ Design, f a b r i c a t e ,  t e s t ,  and e v a l u a t e  t h e  n e c e s s a r y  
o p t i c s  t o  r e n d e r  t h e  Twyman-Green i n t e r f e r o m e t e r  c a p a b l e  
of  measur ing  a n  8 - inch-d iamete r ,  £11 p a r a b o l a .  
@ Study  t h e  problem of  p r imary- to - secondary  a l ignment  i n  
a  s p a c e  t e l e s c o p e  w i t h  r e g a r d  t o  t h e  p o s s i b i l i t y  of 
us i n g  t h e  pr imary,  m i r r o r  f i g u r e  s e n s o r  t o  measure 
secondary  a l i g n m e r ~ t  a l s o .  
R e s u l t s  of  Advanced F i g u r e  Sensor  Programs? 
A summary of t h e  work completed i s  p r e s e n t e d  i n  F i g u r e s  171  through 175 , 
A Doppler f requency s h i f t e r  was s e l e c t e d  because  i t  i s  s i m p l e  and was shown 
t o  work s u c c e s s f u l l y .  F i g u r e  1 7 1  shows t h e  mechanical  assembly, c o n s i s t i n g  
o f  a  r e f e r e n c e  r e f l e c t o r  mounted i n  a  p i e z o e l e c t r i c  c y l i n d e r .  When v o l t a g e  
i s  a p p l i e d  between t h e  i n n e r  and o u t e r  w a l l s ,  a  p i e z o e l e c t r i c  e f f e c t  c a u s e s  
t h e  c y l i n d e r  l e n g t h  t o  change, i n  t u r n  c a u s i n g  t h e  r e f l e c t o r  t o  t r a n s l a t e  i n  
an  a x i a l  d i r e c t i o n .  F i g u r e  172 shows how t h i s  d e v i c e  i s  used i n  a  Twyman- 
Green i n t e r f e r o m e t e r .  A c y c l i c  l i n e a r  d r i v e  v o l t a g e  i s  a p p l i e d  t o  t h e  c y l -  
i n d e r .  Th i s  nroduces  a  s i n e  wave v a r i a t i o n  of t h e  i n t e r f e r e n c e  l i g h t  p a t t e r n ,  
which i n  t u r n  produces two s i n e  wave c a r r i e r  s i g n a l s .  The d i s c o n t i n u i t i e s  i n  
t h e  o u t p u t  waveforms shown i n  F i g u r e  1 7 2 o c c u r  when t h e  d r i v e  v o l t a g e  r e v e r s e s  
d i r e c t i o n .  The f requency  of t h e  o u t p u t  c a r r i e r  i s  e q u a l  t o  t h e  f requency  
s h i f t  of t h e  o p t i c a l  beam i n  t h e  r e f e r e n c e  arm. 
The problem invo lved  i n  t h e  measurement of a n  a s p h e r i c  r e f l e c t o r ,  i . e . ,  a n  
a s p h e r i c  s u r f a c e  is no t  e q u i d i s t a n t  from i t s  nominal c e n t e r  of  c u r v a t u r e ,  i s  
shown i n  F i g u r e  1 7 3 .  T h i s  f i g u r e  shows t h e  d i f f e r e n c e  between a  p a r a b o l a  and 
a  c i r c l e  o f  t h e  same p a r a x i a l  r a d i u s  when viewed from t h e i r  nominal c e n t e r s  o f  
c u r v a t u r e .  The "A p a t h  d i f f e r e n c e "  of  up t o  100 wavelengths  must be accommo- 
d a t e d  i n  t h e  f i g u r e  s e n s o r .  The s e l e c t e d  s o l u t i o n  uses  a  m o i r c  a n a l y s i s  i n  
which t h e  f r i n g e  p a t t e r n  g e n e r a t e d  by t h e  a c t u a l  "A p a t h  d i f f e r e n c e "  i s  c o r -  
r e l a t e d  w i t h  a  r e f e r e n c e  p a t t e r n  which i s  computed on t h e  b a s i s  of  a  p e r f e c t  
o p t i c a l  e lement  under t e s t .  F i g u r e  174 shows how t h e  c o r r e l a t i o n  p r o d u c t  i s  
o b t a i n e d .  For s i m p l i c i t y ,  p lane  r e f l e c t o r s  were used i n  p r e p a r i n g  t h i s  f i g u r e .  
F i g u r e  175a shows a  c a i e u l a t e d  f r i n g e  p a t t e r n  f o r  a n  8- inch f / l  p a r z b o l a ,  F i g u r e  175b 
shows t h e  measured f r i n g e  p a t t e r n  i o r  t h e  same m i r r o r .  F i g u r e  175c-shows a p a c t e r n  
o b t a i n e d  by c o r r e l a t i n g  (a)  and ( b ) .  The r e s i d u a l  f r i n g e  p a t t e r n  i s  due t o  t h e  f a c t  
t h a t  geomet r i c  d i s t o r t i o n  i n  a  f i e l d  l e n s  was n e g l e c t e d  i n  t h e  computa t ion .  It was 
shown by l a b o r a t o r y  d e m o n s t r a t i o n  t h a t  a  m o i r g  p a t t e r n  can  be  u sed  w i t h  t h e  e l e c t r o n i c  
phase  measur ing t echn ique .  Thus, a compl icated a s p h e r i c  r e f l e c t i n g  s u r f a c e  can be 
measured by a  r e a l - t i m e  f i g u r e  s e n s o r .  
* 
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Reference  F r i n g e  p a t t e r n  
made from t h e  c a l c u l a t e d  
d i f f e r e n c e  between a  s p h e r e  
and a  p a r a b o l a .  
A c t u a l  F r i n g e  p a t t e r n  
measured from t h e  d i f f e r -  
ence between a n  f / l  
pa rabo la  and a  r e f e r e n c e  
s p h e r i c a l  m i r r o r .  (d) 
(c)  Moir; p a t t e r n  o b t a i n e d  
from m u l t i p l i c a t i o n  of  
a c t u a l  p a t t e r n  and 
c a l c u l a t e d  p a t t e r n .  
(d) Moird p a t t e r n  s i m i l a r  t o  
( c )  above,  b u t  w i t h  t h e  
r e f e r e n c e  r e f l e c t o r  t i l t e d  
s l i g h t l y .  
F i g u r e  175. F r i n g e  P a t t e r n s  
Repor t  No. 9800 
F i g u r e  176 shows t h e  o p t i c a l  p o r t i o n s  of  t h e  breadboard f i g u r e  s e n s o r  s e t  up 
t o  t e s t  t h e  8- inch p a r a b o l a .  F i g u r e  1 7 7  shows t h e  recommended o p t i c a l  arrange- 
ment f o r  a "working model" o f  t h i s  type  of  f i g u r e  s e n s o r .  
PERKIN-ELMER R e p o r t  No, 9800 
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P
E
R
K
IN
-E
LM
E
R
 
R
eport 
No, 
9800 
PERKIN-ELMER Report  No. 9800 
EXPERIMENT NO. 2 - SUPER-COLD TELESCOPE 
Many of t h e  p r e f e r r e d  m i r r o r  m a t e r i a l s  (Fused S i l i c a ,  CerVi t )  have t h e  c h a r a c -  
t e r i s t i c  t h a t  t h e y  have a  z e r o  expans ion  c o e f f i c i e n t  a t  some low t e m p e r a t u r e .  
The e f f e c t  of the rmal  g r a d i e n t s  on t h e  m i r r o r  can be  s i g n i f i c a n t l y  reduced  i f  
t h e  t e l e s c o p e  can be o p e r a t e d  a t  a  t e m p e r a t u r e  v e r y  c l o s e  t o  t h i s  z e r o  c r o s s i n g  
t e m p e r a t u r e .  Also,from s t r i c t l y  the rmal  h e a t  t r a n s f e r  and space  p h y s i c s  con- 
s i d e r a t i o n s v i t  i s  d e f i n i t e l y  advantageous  t o  o p e r a t e  a t  s u p e r - c o l d  t e m p e r a t u r e s  
of t y p i c a l l y  - 8 0 " ~ .  S i n c e  t h i s  i s  e x a c t l y  t h e  z e r o  c r o s s i n g  t e m p e r a t u r e  o f  
fused  s i l i c a ,  i t  has been assumed, f o r  t h e  s a k e  of arguments p r e s e n t e d  f o r  
t h i s  exper iment ,  t h a t  t h e  m i r r o r  m a t e r i a l  is  fused  s i l i c a .  Most o f  t h e  con- 
c l u s i o n s  reached  a r e  a l s o  a p p l i c a b l e  f o r  o t h e r  m i r r o r  m a t e r i a l s  a t  some o t h e r  
a c c e p t a b l e  s u p e r - c o l d  t e m p e r a t u r e .  
FUSED SILICA PRIMARY MIRROR 
SEGMENTS AT -80°C 
(ZERO COEFF OF EXPANSION 
TEMP FOR SILICA ) 
HEATING PADS TO MAINTAIN 
PRIMARY AT-80°C 2 4 . 5 " C  
TO MAINTAIN $ FIGURE 
RADIATIVE HEAT LOSS TO 
TELESCOPE TUBE 
TELESCOPE AVERAGE 
TEMP= - l lO°C 
SUPER INSULATION LAVER 
LOW ABSOWPTANCE TO 
EM ITTANCE COATI NG 
(ABS-0.2 EM-0.93, 
F i g u r e  178. Thermal Arrangement f o r  Supercold  T e l e s c o p e  
. - 
Report  No, 9800 
The o b j e c t i v e  of t h i s  exper iment  i s  t o  g a t h e r  e n g i n e e r i n g  d a t a  on a  t e l e s c o p e  
s t r u c t u r e  and a n  o p t i c a l  sys tem t h a t  a r e  main ta ined  a t  t h i s  low tempera tu re ,  
by p a s s i v e  means, o v e r  l o n g  p e r i o d s  o f  t ime on s t a t i o n  i n  s p a c e .  S u r f a c e  
c o a t i n g s  have been developed which have low absorptance-to-emit tance r a t i o s  
and, based on t h e  u t i l i z a t i o n  of  c o a t i n g s  such  a s  these ,  t h e  v e r y  c o l d  tempera- 
t u r e s  r e q u i r e d  f o r  t h i s  exper iment  seem q u i t e  f e a s i b l e  and j u s t i f i a b l e .  
S i n c e  t h i s  exper iment  i s  a n  e n g i n e e r i n g  e v a l u a t i o n  of  performance l i m i t s ,  no  
un ique  hardware i s  n e c e s s a r y .  The t e l e s c o p e  s t r u c t u r e  and t h e  pr imary m i r r o r  
the rmal  behav io r  a t  -80°C o r  a s  c l o s e  t o  -80°C a s  can be o b t a i n e d  would be 
d e s i g n  c o n s i d e r a t i o n s  f o r  t h e  LTEP. 
The 1/50 wave r m s  f i g u r e  performance of l a r g e - a p e r t u r e  o p t i c a l  systems i n  s p a c e  
is  a b s o l u t e l y  dependent  upon t h e  m i r r o r  behavior  i n  t h e  p r e s e n c e  of  the rmal  
g r a d i e n t s .  The s e n s i t i v i t y  of  o p t i c a l  sys tems t o  v e r y  s m a l l  non-uniform t e m -  
p e r a t u r e  changes i n c r e a s e s  a s  t h e  a p e r t u r e  d iamete r  i n c r e a s e s .  The the rmal  
a n a l y s i s  which de te rmines  t h e  magnitude of  m i r r o r  d e f o r m a t i o n  can be found 
s t a r t i n g  on page 1-236 of Perkin-Elmer Repor t  8500. . T h i s  exper iment  i s  p a r t  
o f  t h e  s e a r c h  f o r  space-worthy t e c h n i q u e s  which would minimize  t h e  s e n s i t i v i t y  o f  
t h e  sys tem t o  t h e s e  unwanted t h e r m a l  g r a d i e n t s  a n d ,  a t  t h e  same t ime ,  would lower 
t h e  magnitude o f  t h e  r e s i d u a l  t h e r m a l  g r a d i e n t s  themse lves .  The need f o r  t h i s  ex- 
pe r iment  w i l l  r emain  g r e a t  u n t i l  t r u l y  z e r o - c o e f f i c i e n t - o f - e x p a n s i o n  m a t e r i a l s  
a r e  i n v e n t e d  which a r e  s u i t a b l e  f o r  l a r g e - a p e r t u r e  o p t i c a l  sys tems .  Zero  co- 
e f f i c i e n t  of e x p a n s i o n ,  a s  it  i s  used here ,  r e f e r s  t o  m a t e r i a l s  which have 
a = 0 a t  a n  a c h i e v a b l e  ambient  t e m p e r a t u r e .  Based on c a l c u l a t i o n s  performed 
d u r i n g  Phase I and I A  of t h e  OTES program, t h e  ambient- t e m p e r a t u r e  w i l l  v a r y  
+20°F over  t h e  y e a r  i n  space  due t o  s m a l l  changes i n  s a t e l l i t e  a t t i t u d e  w i t h  
r e s p e c t  t o  t h e  s o l a r  v e c t o r .  There fo re ,  w h i l e  fused  q u a r t z  h a s  
z e r o  c o e f f i c i e n t  of expans ion  a t  -80°C, i t  i s  n o t  c o n s i d e r e d  a  z e r o - c o e f f i c i e n t -  
o f -expans ion  m a t e r i a l  s i n c e  t h e  c o e f f i c i e n t  is  f i n i t e  a t  t empera tu res  a d j a c e n t  
t o  -80°C a s  shown i n  F i g u r e s  179 a n d 1 8 0 .  
The problem of  the rmal  de fo rmat ion  of t h e  m i r r o r  f i g u r e  i s  s i g n i f i c a n t l y  eased  
i f  t h e  m i r r o r  i s  o p e r a t e d  around i t s  t empera tu re  o f  z e r o  the rmal  expans ion .  
The advan tage  i s  i l l u s t r a t e d  by c o n s i d e r i n g  t h e  d e v i a t i o n  of t empera tu re  which 
expands a  volume e lement  1 0  cm t h i c k  by h/50 -- 1 0 ' ~ m .  T h i s  y i e l d s  ( f o r  q u a r t z  
a t  -80°C) a  t e m p e r a t u r e  r a n g e  o f  a s  much a s  +4.5"C i n  comparison t o  o n l y  
5 0 . 2 5 ' ~  a t  room t e m p e r a t u r e  f o r  t h e  10-cm t h i c k  volume e lement .  * 
S p e c i f i c a l l y ,  g r e a t  a t t e n t i o n  t o  the rmal  d e t a i l  i n  t h e  d e s i g n  of  t h e  space-  
c r a f t  w i l l  be r e q u i r e d  t o  y i e l d  a  t empera tu re  of  -80°C f o r  t h e  pr imary m i r r o r .  
-k 
T h i s  comparison f o r  o t h e r  m i r r o r  m a t e r i a l s  i s  p r e s e n t e d  i n  F i g u r e s  47 through 49 of 
Perkin-Elmer Corpora t ion  Eng ineer ing  Repor t  No. 8900. 
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Figure 179.Thermal Expansion of Fused S i l i c a  and Low 
Expansion Cervit Mater ia l  
Tsarpsrature - O C  
Figure 180, Corning Fused S i l i c a  Code 7940 
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I f  one c o n s i d e r s  t h e  l o n g  l i f e  demanded of f u t u r e  l a r g e  o r b i t a l  t e l e s c o p e s ,  
t h e n  a d d i t i o n a l  means may be needed t o  h e a t  o r  coo l  t h e  pr imary t o  t h i s  o p t i -  
mum tempera tu re  a s  t h e  e x t e r i o r  s u r f a c e s  of t h e  t e l e s c o p e  age w i t h  t h e  passage  
of t i m e .  
For  example, t h e  f o l l o w i n g  paramete rs  r e l a t e  t o  an  f / 3  p a r a b o l o i d  o f  q u a r t z ,  
30-cm t h i c k ,  3  meters  i n  d i a m e t e r  and made i n  one p i e c e  ( i . e . ,  n o t  segmented) .  
The t u b e  o f  t h e  t e l e s c o p e  is  assumed t o  have an  average  t empera tu re  of about  
-100°C ( - 1 6 5 " ~ ) .  A h e a t i n g  pad c o v e r i n g  t h e  e n t i r e  back o f  t h e  pr imary main- 
t a i n s  i t s  t empera tu re  uniformly a t  -80°C. The h e a t  t r a n s f e r  from t h e  pr imary 
t o  t h e  "cold" t u b e  shou ld  be o n l y  v i a  r a d i a t i o n  from t h e  r e f l e c t i v e  c o a t i n g  
( e m i s s i v i t y  0 .05)  and amounts t o  about  14 w a t t s .  The c o n s t a n t  f low of h e a t  
from t h e  back t o  t h e  f r o n t  of t h e  pr imary e n t a i l s  a  t empera tu re  d i s t r i b u t i o n  
of uniform g r a d i e n t  i n  t h e  q u a r t z  d i s k  w i t h  a  t empera tu re  d i f f e r e n c e  between 
back and f r o n t  of 0.3"C. The r e s u l t i n g  t h e r m o e l a s t i c  de format ion  o f  t h e  r e -  
f l e c t i v e  s u r f a c e  was c a l c u l a t e d .  It  c o n s i s t s  of a  t u r n e d  up edge o f  t h e  
p a r a b o l o i d  b u t  i s  of n e g l i g i b l e  magni tude.  Even a t  a  t empera tu re  which d e v i -  
a t e s  from t h e  optimum v a l u e  o f  - 8 0 " ~  by + 7°C ( i . e . ,  -73°C t o  -87OC) t h e  a x i a l  
deformat ion,  due t o  a  f ront- to-back t empera tu re  d i f f e r e n c e  of 0.3OC, is  ap- 
p rox imate ly  h/50.  
The method of o p e r a t i n g  t h e  pr imary a t  i t s  t empera tu re  o f  z e r o  the rmal  expan- 
s i o n  has  a n  e x p e r i m e n t a l  d i s a d v a n t a g e  when u s i n g  a c t i v e  thermal  c o n t r o l  a s  
d e s c r i b e d  i n  Experiment No. 8 .  The i s o t h e r m a l  approach o f  t h i s  exper iment ,  
and p a r t i c u l a r l y  t h e  nonuniform tempera tu re  approaches o f  Experiment No. 8 and 
p a r t  of Experiment No. 1, a r e  a l s o  u s e f u l  t o  c o r r e c t  m i r r o r - f i g u r e  de format ions  
which a r e  no t  of t h e r m o e l a s t i c  o r i g i n  ( f o r  i n s t a n c e ,  due t o  long- term s t r e s s  
r e l a x a t i o n ) .  Th i s  the rmal  f i g u r i n g  c a p a b i l i t y  obv ious ly  d e c r e a s e s  when t h e  
thermal  expans ion  c o e f f i ~ i e n ~  (a)  of  t h e  m i r r o r  m a t e r i a l  i s  r educed .  
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EXPERIMENT NO. 3 - UTILIZATION OF ASTRONAUT CAPABILITY (EVA AND IVA) 
The exper iment  o b j e c t i v e  i s  t o  deve lop  t h e  a s t r o n a u t ' s  s k i l l  i n  t h e  e r e c t i o n ,  
o p e r a t i o n ,  and maintenance of l a r g e  space  o p t i c a l  sys tems.  The p r e f e r r e d  
o p e r a t i o n  p rocedures  o u t l i n e d  i n  t h e  LMSC Volume of t h i s  r e p o r t  a l l  r e q u i r e  
a s t r o n a u t  p a r t i c i p a t i o n  t o  some e x t e n t .  Also ,  t h e  ~ r o p o s e d  r e t r o f i t  
r e s u p p l y  m i s s i o n s  ( e . g . , t h e  Michelson s t e l l a r  i n t e r f e r o m e t e r  o r  replacement  of  
ins t rument  modules)  w i l l  r e q u i r e  s i g n i f i c a n t  a s t r o n a u t  p a r t i c i p a t i o n .  The 
purpose  of t h i s  exper iment  i s  t o  de te rmine  t h e  c a p a b i l i t i e s  of  t h e  a s t r o n a u t  
o p e r a t i n g  i n  bo th  EVA and.IVA. Th i s  type  of d a t a  i s  r e c e i v e d  b o t h  f o r  d e t e r m i n i n g  
a  b a s e l i n e  f o r  t h e  a s t r o n a u t  o p e r a t i o n s  i n  t h e  MOAT c l a s s  of  i n s t r u m e n t s  
and i n  d e t e r m i n i n g  t h e  maximum complexi ty  f o r  r e t r o f i t  m i s s i o n s .  
A s t r o n a u t  s k i l l s  w i l l  be e v a l u a t e d  i n  tune-up o p e r a t i o n s  a s  w e l l  a s  t r o u b l e  s h o o t i n g .  
Problem a r e a s  may a r i s e  d u r i n g  disengagement of t h e  t e l e s c o p e  from t h e  l aunch  
v e h i c l e ,  e r e c t i o n  ( i f  r e q u i r e d ) ,  and o p e r a t i o n  of t h e  t e l e s c o p e .  It i s  i n  
t h i s  g e n e r a l  a r e a  of maintenance where t h e  t r u e  advan tage  o f  p r o p e r l y  t r a i n e d  
a s t r o n a u t s  w i l l  become most obvious .  
S i n c e  t h e  inves tment  i n  a  f u t u r e  g i a n t - a p e r t u r e  t e l e s c o p e  w i l l  be s o  l a r g e ,  i t  
would be a b s o l u t e l y  n e c e s s a r y  t o  ex tend  t h e  l i f e  of t h e  o p e r a t i n g  u n i t  by 
r o u t i n e  and s p e c i a l  maintenance o p e r a t i o n s  on t h e  p a r t  of v i s i t i n g  a s t r o n a u t s .  
The t e l e s c o p e  would be  t o o  l a r g e  t o  p r e s s u r i z e ,  s o  t h e  a s t r o n a u t  would be  r e -  
q u i r e d  t o  deve lop  t h e  n e c e s s a r y  EVA s k i l l s ,  and t h e  equipment des igned  would 
be  r e q u i r e d  t o  p rov ide  t h e  a s t r o n a u t  w i t h  c a r e f u l l y  e n g i n e e r e d  p r o v i s i o n s  f o r  
maintenance.  T h i s  exper iment  would p r o v i d e  t h e  development of t h e  a s t r o n a u t  
ma in tenance  s k i l l s  n e c e s s a r y  f o r  f u t u r e  space  o b s e r v a t o r i e s .  Also ,  EVA o p e r a t i o n s  
and I V A  o p e r a t i o n s  c a n  be compared and base l i n e d  f o r  f u t u r e  m i s s i o n s .  
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EXPERIMENT N O .  4 - UTILIZATION OF ASTRONAUT TO MEASURE PRIMARY 
MIRROR FIGURE WITH SCATTERPLATE TECKN IQUE 
S i n c e  t h e  a s t r o n a u t  w i l l  be a v a i l a b l e  immediate ly  f o l l o w i n g  t e l e s c o p e  e r e c t i o n ,  
he c a n  u s e  a  s m a l l  amount of  a d d i t i o n a l  a p p a r a t u s  t o  o b t a i n  s c a t t e r p l a t e  i n t e r -  
ferograms o f  t h e  p r imary  m i r r o r .  The i n t e r f e r o g r a m s  would be r e c o r d e d  photo- 
g r a p h i c a l l y  as now done i n  t h e  t e s t i n g  of  t h e  S t r a t o s c o p e  I1 m i r r o r .  The f i l m s  
cou ld  be developed i n  space  us ing  Bimat t echn iques ,  and p r e l i m i n a r y  i n t e r p r e -  
t a t i o n s  of  t h e  q u a l i t y  of t h e  i n t e r f e r o g r a m s  cou ld  be e s t a b l i s h e d  by t h e  a s t r o -  
n a u t  b e f o r e  conc lud ing  t h e  s p a c e  p o r t i o n  of  t h e  exper iment .  Although t h e  
a s t r o n a u t  could  a s c e r t a i n  t h e  c o n t r a s t  and g e n e r a l  q u a l i t y  of t h e  pho tograph ic  
i n t e r f e r o g r a m ,  and, t h e r e f o r e ,  c o n t i n u e  t o  expose  s c a t t e r p l a t e  f i l m s  u n t i l  a n  
a d e q u a t e  s e t  of pho tograph ic  p l a t e s  was ob ta ined ,  he would not be a b l e  t o  in -  
t e r p r e t  t h e  q u a l i t y  of  t h e  p r imary  n o r  would he be a b l e  t o  t e l e m e t e r  t h e  i n f o r -  
ma t ion  c o n t a i n e d  on t h e  p l a t e s  back t o  e a r t h ,  The exposed p l a t e s  would have 
t o  be r e t u r n e d  t o  e a r t h  w i t h  t h e  a s t r o n a u t  f o r  measurement, d a t a  r e d u c t i o n ,  
and e v a l u a t i o n .  
us t i f i c a t  i o n s  
The u t i l i z a t i o n  o f  t h e  a s t r o n a u t  t o  p r o v i d e  c e r t i f i c a t i o n  of t h e  q u a l i t y  of 
t h e  p r imary  would be of value ,  independent  of t h e  measurements of t h e  f i g u r e  
s e n s o r  ( f rom Act ive  O p t i c s ) .  The s c a t t e r p l a t e  photographs a r e  much t o o  d i f -  
f i c u l t  t o  o b t a i n  w i t h o u t  human p a r t i c i p a t i o n .  However, a s t r o n a u t  t ime  cou ld  
be devo ted  t o  o b t a i n i n g  t h e s e  i n t e r f e r o g r a m s .  T h e i r  b a s i c  v a l u e  i n  t h e  LTEP 
program, a s  p r e s e n t l y  env i s ioned ,  would be t o  p r o v i d e  t h e  c a l i b r a t i o n  o f  o t h e r  
f igure -measur ing  t e c h n i q u e s  and c e r t i f i c a t i o n  of t h e  q u a l i t y  of t h e  pr imary 
m i r r o r  when i t  is on s t a t i o n  i n  s p a c e .  
The a s t r o n a u t  c a n  s e t  up t h e  s c a t t e r p l a t e  a p p a r a t u s  and expose  t h e  photo-  
g r a p h i c  f i l m  t o  o b t a i n  t h e  s c a t t e r p l a t e  i n t e r f e r o g r a m .  The p h o t o g r a p h i c  
p l a t e  could  be developed i n  s p a c e  and t h e  a s t r o n a u t  could  i n t e r p r e t  t h e  
q u a l i t y  of  t h e  p l a t e  and c o n t i n u e  t o  expose  and deve lop  p l a t e s  u n t i l  he  
had one of  adequa te  c o n t r a s t  t o  t a k e  w i t h  him on h i s  r e t u r n  t o  e a r t h ,  The 
p l a t e  would be measured and t h e  d a t a  would be reduced back on e a r t h  i n  
o r d e r  t o  c e r t i f y  t h e  f i n a l  f i g u r e  o f  t h e  p r imary  m i r r o r  i n  s p a c e .  
(See F i g u r e  181) 
Assuming t h a t  t h e  a s p h e r i c i t y  of  t h e  pr imary i s  p a r t i a l l y  compensated by a  
n u l l  l e n s ,  t h e  phase  measur ing r e q u i r e s  t h e  i n t e r f e r o m e t e r  (Experiment 1) 
i n p u t / o u t p u t  beams t o  come t o  a  focus  a t  t h e  " c e n t e r  of  c u r v a t u r e " ,  However, 
t h e  S P I  r e q u i r e s  a  n e a r l y  c o l l i m a t e d  ( i . e . ,  beam focused on r e f e r e n c e  a r e a  
of  pr imary)  beam p a s s i n g  th rough  t h e  s c a t t e r p l a t e  a t  t h e  " c e n t e r  of c u r v a t u r e " .  
These two requ i rements  a r e  compat ib le  i f  a  h o l e  i s  i n s e r t e d  i n  t h e  middle  of  
t h e  s c a t t e r p l a t e  ( F i g u r e  181a) ,  
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The l i g h t  (63281) from t h e  phase-measuring i n t e r f e r o m e t e r  is focused a t  t h e  
c e n t e r  of  c u r v a t u r e  of t h e  pr imary m i r r o r  and passed  th rough  a  s m a l l  h o l e  i n  
t h e  c e n t e r  of t h e  s c a t t e r p l a t e .  L i g h t  from a  l a s e r  of d i f f e r e n t  wavelength  
( a r g o n  o r  doubled YAG) i s  f o l d e d  i n t o  t h e  t e l e s c o p e  o p t i c a l  a x i s  by a  beam 
d i v i d e r  and d i c h r o i c  m i r r o r  and focused th rough  t h e  s c a t t e r p l a t e  o n t o  a  
r e f e r e n c e  p o i n t  on t h e  p r imary  m i r r o r .  The s c a t t e r p l a t e  a f f e c t s  a  s m a l l  
p o r t i o n  o f  t h e  i n c i d e n t  l i g h t  and s c a t t e r s  i t  o v e r  t h e  e n t i r e  m i r r o r  s u r f a c e .  
S i m i l a r l y ,  a  s m a l l  p o r t i o n  of  t h e  undev ia ted  r e t u r n  l i g h t  i s  s c a t t e r e d  on t h e  
second pass  th rough  t h e  s c a t t e r p l a t e .  These two s c a t t e r e d  components i n t e r -  
f e r e  t o  produce a  c i r c u l a r  f r i n g e  p a t t e r n  on t h e  pho tograph ic  p l a t e .  The 
number of  c i r c u l a r  f r i n g e s  recorded  can be v a r i e d  by d i s p l a c i n g  t h e  s c a t t e r -  
p l a t e  from t h e  c e n t e r  of c u r v a t u r e  of t h e  m i r r o r .  
P r e l i m i n a r y  c a l c u l a t i o n s  i n d i c a t e  t h a t  i n t e r f e r o m e t e r s  w i t h  nominal ly  5 - i n c h  
d i a m e t e r  c r i t i c a l  e l ements  ( s c a t t e r p l a t e  i n  SPI  and b e a m s p l i t t e r s  f o r  PMI) a r e  
p o s s i b l e  f o r  t h e  proposed sys tem.  Thus,an a l t e r n a t e  t e c h n i q u e  has  been pro- 
posed f o r  d u p l e x i n g  t h e  SPI  and PMI t h a t  does n o t  r e q u i r e  a  n u l l  l e n s  ( F i g u r e  
181b).  . The m i r r o r  segments a r e  a l i g n e d  v i a  t h e  u s u a l  t echn iques  u s i n g  t h e  
PMI. A f t e r  l o c k i n g  t h e  s e r v o  a c t u a t o r s ,  t h e  moveable f l i p  m i r r o r  is  i n s e r t e d  
a s  shown i n  F i g u r e  l 8 1 b .  The s t a b i l i t y  of t h e  moveable f l i p  m i r r o r  is  n o t  
c r i t i c a l  s i n c e  it must remain s t a t i o n a r y  o n l y  o v e r  t h e  t ime  i n t e r v a l  t h e  
s h u t t e r  is  open. 
O p t i c s  f o r  bo th  sys tems  w i l l  be n o a i n a l l y  5 i n c h e s  i n  d i a m e t e r .  Thus t h e  
e r r o r s  from o p t i c a l  inhomogeneity ( t y p i c a l l y  AQ Z 2 x  10-6)  a r e  a  s e r i o u s  
l i m i t a t i o n  i n  a l l  t h e  r e f r a c t i v e  e lements .  T h e r e f o r 9  t h e  l a y o u t  of  F i g u r e  
181b p robab ly  i s  t h e  p r e f e r r e d  cho ice .  
The Lockheed s t u d y  (volume 11)  h a s  shown t h a t  pe r fo rming  t h e  s c a t t e r p l a t e  
exper iment  d u r i n g  EVA i n t r o d u c e s  o t h e r  problems. However, i f  i t  shou ld  
deve lop  t h a t  t h e  s p a c e  s h u t t l e  i s  t h e  v e h i c l e  f o r  t h e  LTEP, t h e n  it may b e  
f e a s i b l e  f o r  t h e  s c a t t e r p l a t e  measurement t o  b e  done I V A .  The t e l e s c o p e  c o u l d  
be  a t t a c h e d  t o  a  l i f e  c e l l  a t  t h e  a p e r t u r e  end w h i l e  s t i l l  i n  t h e  stowed p o s i t i o n  
i n  t h e  s h u t t l e ,  and t h e  a s t r o n a u t  cou ld  t h e n  make t h e  s c a t t e r p l a t e  measure- 
ments i n  a s h i r t - s l e e v e  environment.  T h i s  p o s s i b i l i t y  obv ious ly  needs  f u r t h e r  
s t u d y  a s  t h e  d e t a i l s  of t h e  s h u t t l e  a r e  developed.  
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EXPERIMENT NO. 5 - MIRROR-FIGURE ASSESSMENT ON EARTH USING A SPACECI?AFT LASER 
( D e l e t e d  from t h e  2-Meter LTEPj 
F i g u r e  182,  Technique f o r  Determining M i r r o r  F i g s r e  
Experiment O b j e c t i v e  
The measurement of  t h e  Airy d i s k  dimensions (and t h e  a s s o c i a t e d  i n t e n s i t y  d i s -  
t r i b u t i o n  of t h e  c o n c e n t r i c  r i n g s )  of t h e  s p a c e c r a f t  o p t i c a l  sys tem can  p r o v i d e  
a  q u a n t i t a t i v e  e v a l u a t i o n  of t h e  performance o f  t h e  o p t i c a l  sys tem whi le  t h e  
t e l e s c o p e  i s  i n  s p a c e .  These  measurements can be made on E a r t h  by u t i l i z i n g  a  
l a s e r  a t  t h e  f o c a l  p o i n t  and by s t e e r i n g  t h e  l a s e r  beam i n  a  c o n t r o l l e d  p a t t e r n  
about t h e  l i n e  of s i g h t  (LOS) of t h e  uplooking t e l e s c o p e .  S i n c e  t h e  t e l e s c o p e  
i n  space  i s  locked o n t o  t h e  E a r t h  beacon which i s  a d j a c e n t  t o  t h e  uplooking 
t e l e s c o p e ,  and s i n c e  t h e  downgoing beam can be d i r e c t e d  i n  a  p r e c i s e  r a s t e r  
s c a n  about t h e  LOS o f  t h e  E a r t h  beacon, t h e  uplooking t e l e s c o p e  d e t e c t o r  o u t -  
p u t  can be  c o r r e l a t e d  w i t h  t h e  r a s t e r  s c a n  i n f o r m a t i o n .  I n  t h i s  manner, a  
v i d e o - t y p e  d i s p l a y  o f  t h e  Airy d i s k  of t h e  s p a c e c r a f t  o p t i c a l  sys tem i s  ob- 
t a ined .  
T h i s  exper iment  cannot  be  conducted from a  low o r b i t  s i n c e  t h e  angu la r  r a t e  i s  
much t o o  h i g h  t o  p e r m i t  l o c k i n g  o n t o  t h e  E a r t h  beacon. F o r  f u r t h e r  d e t a i l s ,  
r e f e r  t o  Perkin-Elmer  Repor t  8500. 
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EXPERIMENT NO. 6 - MIRROR COATING FACILITY I N  SPACE 
I n t r o d u c t i o n  
The exper iment  p l a n  below was developed i n  connec t ion  w i t h  t h e  Phase  A O p t i c a l  
Technology Apollo Ex tens ion  System (OTES) Study. It i s  reproduced  h e r e  a l o n g  
w i t h  t h e  r e s u l t s  of  subsequent  s t u d y  of aluminum c o a t i n g s  f o r  s p a c e  u s e  c a r r i e d  
o u t  a s  p a r t  of t h e  p r e s e n t  LTEP program. The l a t e r  f i n d i n g s  s u g g e s t  t h a t  oxygen 
d e n s i t i e s  a t  lower o r b i t a l  a l t i t u d e s  may i legrade a luminum'coa t ings  i n  r e l a t i v e l y  s h o r t  
p e r i o d s  o f  t u n e  ( a s  l i t t l e  a s  10 h o u r s ) .  Exper imenta l  d a t a  o f  oxygen 
d e n s i t i e s  v e r s u s  d e g r a d a t i o n  r a t e s  of  aluminum c o a t i n g  m a t e r i a l s  shou ld  b e  de te rmined  
b e f o r e  p r o c e e d i n g  w i t h  such a  c o a t i n g  f a c i l i t y  exper iment .  
F i g u r e  183, O r b i t a l  M i r r o r  Coat ing 
I 2 '  '3 ' 4- 
To e v a l u a t e  t h e  e f f e c t i v e n e s s  and u t i l i t y  of  a n  equipment complex aboard  t h e  
s p a c e c r a f t  which cou ld  accomplish:  
- 
e Removal o f  d e t e r i o r a t e d  r e f l e c t i v e  m i r r o r  c o a t i n g s .  
e S u b s t r a t e  p r e p a r a t i o n  f o r  new c o a t i n g s .  
- 
SEGMENT REPLACED IN 
PRIMARY STRUCTURE 
COATING 
INSPECTION 
e A p p l i c a t i o n  of new r e f l e c t i v e  c o a t i n g s  f o r  m i r r o r s .  
- 
It i s  a  m a t t e r  of p r a c t i c a l  e x p e r i e n c e  t h a t  u l t r a v i o l e t  m i r r o r  c o a t i n g s  de- 
t e r i o r a t e  s i g n i f i c a n t l y  from t h e  t i m e  t h e y  l e a v e  t h e  c o a t i n g  f a c i l i t y  u n t i l  t h e  
t i m e  t h a t  they  a r e  i n  space .  The long-t ime env i ronmenta l  e f f e c t s  of  s p a c e  
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equipment i n c l u d i n g  r o c k e t  exhaus t  plume d e p o s i t i o n s ,  micrometeoroid  impact ,  
vacuum, and r a d i a t i o n  a r e  not  known t o  d a t e .  However, i t  can be a n t i c i p a t e d  
t h a t  even an a d e q u a t e  c o a t i n g  f o r  one s e r i e s  of exper iments  w i l l  r e q u i r e  a l t e r -  
a t i o n s  f o r  o t h e r  exper iments .  For example, enhanced r e f l e c t i v i t y  c o a t i n g s  
a r e  a v a i l a b l e  f o r  u t i l i z a t i o n  w i t h  l a s e r  l i g h t .  Yet ,  t h e s e  c o a t i n g s  would b e  
most i n a d e q u a t e  f o r  uv o b s e r v a t i o n s .  S i n c e  a  l a r g e - a p e r t u r e  t e l e s c o p e  w i t h  a  
segmented pr imary would pe rmi t  both  t h e  s t r i p p i n g  o f  o l d  c o a t i n g s  and s p e c i a l  
r e c o a t i n g  o p e r a t i o n s ,  t h e  proposed e x p e r i m e n t a l  f a c i l i t y  would be  i n v a l u a b l e .  
The equipment would be  des igned  t o  f u n c t i o n  w i t h  a s t r o n a u t s  i n  EVA removing 
m i r r o r  segments from t h e  t e l e s c o p e  and p l a c i n g  them i n  t h e  r e c o a t i n g  chamber. 
The a s t r o n a u t  would t h e n  r e p l a c e  t h e  m i r r o r  segments back i n  t h e  t e l e s c o p e .  
(Refer  back t o  Experiment No. 3 and s e e  page 11-59 of Perkin-Elmer Repor t  
8500. ) 
(See F i g u r e  183 and r e f e r  t o  Perkin-Elmer E n g i n e e r i n g  
Repor t  No. 8900, Vol. 11, p. 50. )  
e P r e s s u r e  chamber (which p e r m i t s  e n t r y  and e x i t  of  m i r r o r s  t o  b e  coa ted . )  
e S t r u c t u r e  and clamping arrangement  t o  h o l d  m i r r o r  i n  p l a c e .  
e Acid s p r a y e r s  ( t o  remove o l d  r e f l e c t i v e  s u r f a c e  and p r e p a r e  s u b s t r a t e , )  
e N e u t r a l i z e r  f l u i d  s p r a y e r s .  
e F l u i d  removal a p p a r a t u s .  
e Coat ing d e p o s i t i o n  a p p a r a t u s .  
Coat ing i n s p e c t i o n  a p p a r a t u s .  
Unoxidized aluminum e x h i b i t s  a  un i fo rmly  h i g h  r e f l e c t i v i t y  over  a n  amazing 
s p e c t r a l  range* ( F i g u r e  1 8 4 ) .  T h e r e f o r e ,  t h e  f e a s i b i l i t y  of u s i n g  
aluminum c o a t i n g s  d e p o s i t e d  i n  o r b i t  d e s e r v e s  f u r t h e r  work t o  e s t a b l i s h  
t h e  f e a s i b i l i t y  of  t h i s  p o t e n t i a l l y  a t t r a c t i v e  t echn ique .  
There  a r e  t h r e e  p r imary  f a c t o r s  which c a n  s i g n i f i c a n t l y  degrade  t h e  u l t r a v i o l e t  
r e f l e c t i v i t y  of f r e s h  aluminum d e p o s i t e d  i n  o r b i t .  
1 )  Oxida t ion  
2 )  Overcoa t ing  by d e p o s i t i o n  of contaminants  
3) P a r t i c l e  ( e l e c t r o n s  and p r o t o n s )  r a d i a t i o n  exposure  
Degrada t ton  of r e f l e c t i v i t y  i s  h a s t e n e d  b y  uV.  exposure .  
* Reference:  Madden, R.P., C a n f i e l d ,  L.R. & Hass, G . ,  "Journal  of O p t i c a l  
S o c i e t y  of America" - 53, 620, (1963) 
* 9 ~  Hass, G . ,  Ramsay, J . B . ,  Heaney, J . B . ,  and Tr ido ,  J .J. ,  - 8 225, (1969) 
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- u,,,, i n  A i r  a t  STP 
with R e f l e c t a n c e  R,, 
W*+velength ( ~ i c r o n s )  
F i g u r e  184. Aluminum R e f l e c t i v i t y  
PERMIN-ELMER 
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There  i s  no d a t a  a v a i l a b l e  p r e s e n t l y  which answer d i r e c t l y  t h e  q u e s t i o n  of t h e  
magni tude and t ime  s c a l e  of t h e  u l t r a v i o l e t  r e f l e c t i v i t y  d e g r a d a t i o n  of  
aluminum from t h e  above f a c t o r s  f o r  a  c o a t i n g  d e p o s i t e d  i n  o r b i t  a n d o l o c a t e d  
n e a r  a  manned o r  unmanned s p a c e c r a f t  i n  t h e  s p e c t r a l  r ange  from lOOOW t o  4000A. 
Exper iments  c a r r i e d  o u t  d u r i n g  Gemini 12 showed t h a t  t h e  u l t r a v i o l e t  t r a n s -  
m i s s i o n  of  q u a r t z  d e c r e a s e d  a s  much a s  10  p e r c e n t  £05 exposurzs  o f  23 h o u r s  
>v i n  o r b i t .  T h i s  d e g r a d a t i o n  i n  t h e  r e g i o n  from 2000A t o  4000A was caused 
by o v e r c o a t i n g  by con taminan t s .  
S i n c e  t h e  a tomic  and m o l e c u l a r  oxygen d e n s i t i e s  a r e  known f o r  v a r i o u s  
a l t i t u d e s k *  and s i n c e  some measurements of  t h e  u l t r a v i o l e t  r e f l e c t a n c e  o f  
f r e s h l y  d e p o s i t e d  aluminum c o a t i n g s  have been made i n  t h e  l a b o r a t o r y , ~  
i t  i s  p o s s i b l e  t o  make rough e s t i m a t e s  of t h e  r e f l e c t a n c e  d e g r a d a t i o n  w i t h  
t i m e  due t o  o x i d a t i o n  assuming t h a t  t h e  environment of  t h e  s p a c e c r a f t  c o n t r i -  
b u t e s  nothing t o  t h e  p r i s t i n e  o r b i t a l  oxygen d e n s i t i e s .  A t  10851, t h e  
r e f l e c t a n c e  w i l l  d e c r e a s e  a t  a  r a t e  of about  0.25 p e r c e n t / m i n u t e  i n i t i a l l y  
from a n  i n i t i a l  v a l u e  of abou t  80 p e r c e n t  and w i l l  r e a c h  i t s  a s y m p t o t i c  
v a l u e  of 20 p e r c e n t  i n  a b o u t  10 h o u r s  a t  a  150 km o r b i t  i f  t h e  decay i s  
e x p o n e n t i a l .  S ince  t h e  oxygen p a r t i a l  p r e s s u r e  f o r  t h e  l a b o r a t o r y  e x p e r i -  
ments can  on ly  be  c o n s t r a i n e d  by a n  upper l i m i t  and s i n c e  t h e  s p a c e c r a f t  
environment w i l l  be c h a r a c t e r i z e d  by oxygen d e n s i t i e s  i n  e x c e s s  of  t h e  
p r i s t i n e  o r b i t a l  v a l u e s ,  t h e  t ime  e s t i m a t e  g iven  above i s  most l i k e l y  a n  
o p t i m i s t i c  upper l i m i t .  The l a b o r a t o r y  d a t a  on t h e  r a t e  of  d e c r e a s e  of t h e  
r e f l e c t a n c e  w i t h  p r e s s u r e  a r e  no t  c o n s i s t e n t ;  however, i t  i s  r e a s o n a b l e  t o  
expec t  t h e  i n i t i a l  r a t e  t o  s c a l e  down d i r e c t l y  w i t h  a  d e c r e a s e  i n  t h e  p r e s s u r e .  
T h e r e f o r e  i n  a  1000-km o r b i t  where t h e  a tomic  oxygen p r e s s u r e  i z  abou t  
1.5 x  10-i0rnm, t h e  o x i d a t i o n  w i l l  r educe  t h e  r e f l e c t a n c e  a t  1085A from 80 
p e r c e n t  t o  20 p e r c e n t ,  t h e  a s y m p t o t i c  v a l u e ,  i n  about  one y e a r .  
On t h e  ATS 111 s a t e l l i t e ,  some i n t r i g u i n g  d a t a  were o b t a i n e d  on t h e  b e h a v i o r  
o f  o x i d i z e d  aluminum c o a t i n g s .  t'f It was found t h a t  2000 hours'~exposura t o  
d i r e g t  s o l a r  ~ a d i a t i o n  caused a 60-percent  r e d u c t i o n  i n  r e f l e c t a n c e  a t  t h e  
3000A t o  4000A r e g i o n .  For  s i m i l a r  samples and i d e n t i c a l  exposures  t h e  
k 
Muscar i  and Cunningham: Gemini 12 Contaminat ion Study.  Mart in  Company, 
Repor t  R-67-2, Denver, Colorado,  January 1967. 
9; * 
Johnson,  F . S . :  S a t e l l i t e  Environment Handbook. S t a n f o r d  U n i v e r s i t y  P r e s s ,  1965. 
 adden en, e t  a l . ,  l o c .  c i t .  
Vehse, R.C., Arakawa, E.T., and S t a r f o r d ,  J . L .  : J. Opt. Soc. Amer. Vol .  59,  
1967, p. 551. 
" ~ e a n e y ,  J . B .  : P r i v a t e  Communication. 
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d e c r e a s e  i n  r e f l e c t a n c e  was l e s s  t h a n  10 p e r c e n t  when a q u a r t z  window was 
p l a c e d  0.10 i n c h  i n  f r o n t  of t h e  aluminum c o a t i n g .  It i s  ng t  known whether  
t h e  d e g r a d a t i o n  i s  due e i t h e r  t o  t h e  u l t r a v i o l e t  below 1800A enhancing 
o x i d a t i o n  o r  t o  p r o t o n  bombardment. E a r l i e r  workyc h a s  excluded t h e  e l e c t r o n  
component as a cause  f o r  t h i s  d e g r a d a t i o n .  
I n  summary, v i t a l  i n f o r m a t i o n  i s  needed b e f o r e  a  sound c o n c l u s i o n  can be 
drawn a s  t o  whether i n - o r b i t  d e p o s i t i o n  of  aluminum w i l l  p r o v i d e  a  s i g n i f i c a n t  
i n c r e a s e  i n  u l t r a v i o l e t  r e f l e c t i v i t y  f o r  a  r e a s o n a b l e  l e n g t h  of t ime.  The 
q u e s t i o n s  r e q u i r i n g  more d a t a  a r e :  
1 )  What a r e  a t o m i c  and m o l e c u l a r  oxygen d e n s i t i e s  n e a r  manned 
and unmanned s p a c e c r a f t l ?  
2) What i s  t h e  d e n s i t y  and i d e n t i t y  of  u l t r a v i o l e t  contaminants  
i n  spacec.raf  t environment ? 
3 )  What i s  t h e  r a t e  of decgy of  r e f l e c t a n c e  of f r e s h l y  d e p o s i t e d  
aluminum a t  around l O O O A  a t  oxygen p a r t i a l  p r e s s u r e s  from 10-7 
t o  10-10 mm? 
4 )  A t  p r e s s u r e s  t o  b e  expgr ienced  i n  o r b i t ,  what i s  t h e  d e g r a d a t i o n  
i n  r e f l e c t a n c e  a t  l O O O A  due t o  u l t r a v i o l e t  exposure  and p a r t i c l e  
bombardment ? 
The a v a i l a b l e  d a t a  s i t e d  above a r e  n o t  p a r t i c u l a r l y  encourag ing  i n  t h a t  i t  
a p p e a r s  t h a t  t h e  above q u e s t i o n s  w i l l  have t o  be answered q u i t e  s p e c i f i c a l l y  
b e f o r e  a n  a f f i r m a t i v e  d e c i s i o n  can be  made w i t h  r e g a r d  t o  t h e  advan tages  
of aluminum depos i ted  i n  o r b i t .  
.I- 
Hass, GO, Ramsey, J . B . ,  Heaney, J . B . ,  and  rid^, J. J. : Appl ied Opt ics .  
Vole 8 ,  1969, pa 275. 
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Contro 1 
: l e c t r o n i c s  
F i g u r e  185. 2-Meter Deformable M i r r o r  System 
A v i a b l e  a l t e r n a t i v e  t o  t h e  segmented a c t i v e  primary m i r r o r  was s u c c e s s f u l l y  
demonstra ted a t  Perkin-Elmer i n  t h e  summer of 1969. The deformable  m i r r o r  h a s  
t h e  d i s t i n c t  advan tage  t h a t  t h e  magnitude o f  a c t i v e  c o n t r o l  can  be v a r i e d  t o  
op t imize  t h e  m i r r o r  and minimize t h e  e f f e c t s  of t h e  thermo-mechanical  env i ron-  
ment w i t h  a  minimum of  equipment.  For  example, t h e  deformable  m i r r o r  concep t  
was v e r i f i e d  by a system composed of a  30-inch m i r r o r  w i t h  a  6 0 : l  a s p e c t  r a t i o  
( 6 : l  i s  commonly cons idered  s t a n d a r d  i n  t h e  a s t r o n o m i c a l  community). A t o t a l  
of 61  m i r r o r  f o r c e  p o i n t s  were  used f o r  t h e  system. The o b j e c t i v e  of Exper i -  
ment No. 7 i s  t o  de te rmine  t h e  minimum number of a c t u a t o r s  (which i n f e r s  mini-  
mum complexi ty)  t h a t  a r e  r e q u i r e d  t o  m a i n t a i n  t h e  p roper  f i g u r e  of t h e  pr imary 
m i r r o r .  S e v e r a l  p o t e n t i a l  pr imary m i r r o r  geometr ies  a r e  conce ivab le .  
The f i r s t  concep t  i s  a n  80-inch m i r r o r  w i t h  approx imate ly  a 6 0 : l  a s p e c t  r a t i o  
.<Figure 185) .  Th i s  r e q u i r e s  a  s c a l i n g  of t h e  concept  a s  proven i n  t h e  r e c e n t  
l a b o r a t o r y  exper iments .  
The second concept  i s  of a  more exper imenta l  n a t u r e .  One of t h e  pr imary m i r r o r  
segments could conce ivab ly  be t h i n  and deformable  (F igure  186) .  The e n g i n e e r i n g  
d a t a  de r ived  from such a compound system would prove most v a l u a b l e  i n  d e t e r m i n i n g  
t h e  r e l a t i v e  merits of deformable and segmented primary m i r r o r  c o n t r o l  f o r  
f u t u r e  3-meter and l a r g e r  t e l e s c o p e s .  
PERKIN-ELMER Report No. 9800 
SECMWTE 
PRIMARY 
MIRROR 
MIRROR FIGURE SENSOCZ 
AND SCANNER (PHASE INTERFEROMU 
N MIRROP SEGMENT 
ASE(=T RCTTlO 60/1) 
IcAL DEFORMATION T O  
MAINTAIN MIRROR FIGURE 
Figure 186. OTES Segmented Mirror Technology Experiment Concept 
Repor t  No, 9800 
F i g u r e  
A c t u a t o r  
Lo c a t  i o n s  
Deformab l e  M i r r o r  Technique 
Used i n  Back-up Mode 
From C e n t r a l  
E l e c t r o n i c s  
The t h i r d  a l t e r n a t i v e  is  t o  u t i l i z e  t h e  deformable  m i r r o r  concept  i n  a back-up 
mode f o r  c o n v e n t i o n a l  m i r r o r s  o f  1 . 8  ( 6  f o o t )  t o  2  mete r s  i n  d i a m e t e r .  As w i t h  
any l a r g e  advance i n  a  technology,  it is b e s t  t o  have a  back-up mode f o r  t h e  
c r i t i c a l  new e lements .  F a c t o r s  which cou ld  conce ivab ly  i n t r o d u c e  some 
unexpected m i r r o r  a b e r r a t i o n s  a r e  
1 )  Unexpected the rmal  g r a d i e n t s  a c r o s s  t h e  m i r r o r  i n  o r b i t  
2 )  U n r e a l i s t i c  z e r o - g  s i m u l a t i o n  o f  m i r r o r  d u r i n g  e a r t h - b a s e d  
t e s t i n g  and f a b r i c a t i o n  
3)  M a t e r i a l  s t a b i l i t y  
4) S t r e s s e s  i n t r o d u c e d  d u r i n g  l aunch  
F i g u r e  187 demons t ra tes  a p o s s i b l e  c o n f i g u r a t i o n  f o r  a  deformable  m i r r o r  back- 
up. The most l i k e l y  a b e r r a t i o n  t h a t  can no t  be c o r r e c t e d  by a  focus  change i s  
a s t i g m a t i s m .  Because of t h e  n a t u r e  of a s t i g m a t i s m  ( i . e . ,  two m i r r o r  c u r v a t u r e s  
a t  r i g h t  a n g l e s  w i t h  s l i g h t l y  d i f f e r e n t  r a d i i ) ,  an  ar rangement  of  a c t u a t o r s  
p o s i t i o n e d  a s  shown i n  F i g u r e  187 shou ld  be s u f f i c i e n t  t o  c o r r e c t  t h e  a b e r r a -  
t i o n .  N a t u r a l l y ,  more s t u d y  i s  r e q u i r e d  t o  de te rmine  t h e  minimum number s f  
a c t u a t o r s  and t h e  optimum p o s i t i o n  of  a c t u a t o r  p o i n t s .  
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gie Thin M i r r o r  
The o b j e c t i v e  of t h e  Def ormable M i r r o r  Program, >k was t o  i n v e s t i g a t e ,  a n a l y t i c a l l y  
and e x p e r i m e n t a l l y ,  t h e  f e a s i b i l i t y  o f  o b t a i n i n g  d i f f r a c t i o n - l i m i t e d  o p t i c s  f o r  
s p a c e  a p p l i c a t i o n  by a c t i v e l y  s t r e s s i n g  a  t h i n  f l e x i b l e  m i r r o r  i n t o  t h e  p r o p e r  
shape .  For  t h e  purpose  of t h i s  s tudy ,  t h e  r e f e r e n c e  shape  was d e f i n e d  a s  s p h e r -  
i c a l .  
The program was d i v i d e d  i n t o  two p h a s e s .  I n  Phase  I t h e  s p e c i f i c  o b j e c t i v e s  
were : 
( a )  To a n a l y t i c a l l y  de te rmine  t h e  pa ramete r s  f o r  a  t h i n  m i r r o r  
a s  f o l l o w s :  
1 )  Optimum t h i c k n e s s - t o - d i a m e t e r  r a t i o .  
2 )  Optimum placement and type  o f  a c t u a t o r  t o  be used.  
3 )  Required f i g u r e  a c c u r a c y  p r i o r  t o  a c t i v e  c o n t r o l ,  i . e , ,  
manufac tu r ing  t o l e r a n c e  t o  a c h i e v e  a  f i n a l  1/20h r m s  
e r r o r .  
4 )  E f f e c t  of  m i r r o r  i n t e r a c t i o n s ,  i n c l u d i n g  d i s c o n t i n u -  
i t i e s  i n  t h e  m i r r o r  s u r f a c e ,  such  a s  t h e  boundar ies  
imposed by a  f i n i t e  r a d i u s  and a  h o l e  i n  t h e  c e n t e r  
of t h e  m i r r o r .  
5) P r e d i c t e d  r m s  f i g u r e  e r r o r  d u r i n g  a c t i v e  c o n t r o l  of  
t h e  m i r r o r .  
( b )  To des ign ,  f a b r i c a t e ,  and e v a l u a t e  a n  a c t u a t o r  of t h e  type  
determined by t h e  above a n a l y s i s ,  f o r  use  i n  t h e  t h i n  m i r r o r  
c o n t r o l  sys tem.  
( c )  To d e s i g n  t h e  c o n t r o l  sys tem i n  s u f f i c i e n t  d e t a i l  t o  show i t s  
f e a s i b i l i t y .  
(d)  To f a b r i c a t e  and t e s t  a  30- inch-diameter ,  t h i n ,  f u s e d - s i l i c a  
m i r r o r .  (The 30- inch  d iamete r  was chosen a s  a p p r o p r i a t e  f o r  
use  i n  t h e  e x i s t i n g  vacuum t a n k  f a c i l i t y . )  Accuracy o f  f i g u r e ,  
t h i c k n e s s  and f-number of t h e  m i r r o r  were t o  be t h o s e  d e t e r -  
mined by t h e  above a n a l y s i s  a s  t h e  most a p p r o p r i a t e  f o r  t h e  
magnitude and s c a l e  of  c o r r e c t i o n s  t o  be made. The t e s t s  were 
t o  be o f  a q u a n t i t a t i v e  n a t u r e  and o f  s u f f i c i e n t  a c c u r a c y  t o  
a l l o w  comparison of t h e  m i r r o r  b e f o r e  and a f t e r  s t r e s s i n g .  
I n  Phase  I1 t h e  s p e c i f i c  o b j e c t i v e s  were:  
( a )  To f a b r i c a t e  a  s u i t a b l e  mounting assembly w i t h  a c t u a t o r s  t o  
p rov ide  t h e  f o r c e s  and d i sp lacements  r e q u i r e d  t o  s t r a i n  t h e  
t h i n  m i r r o r  and produce t h e  n e c e s s a r y  f i g u r e  c o r r e c t i o n s  t o  
a c h i e v e  t h e  d e s i g n  g o a l  f i g u r e  a c c u r a c y  of  1 /20 X ms. 
- v 
* 
C o n t r a c t  NAS1-7103 Mod. 1 i s s u e d  by Eangley Research Cen te r  t o  Perkin-Elmer.  
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(b) To d e s i g n  and f a b r i c a t e  t h e  e l e c t r o n i c s  r e q u i r e d  t o  g e n e r a t e  
c o n t r o l  s i g n a l s  fo r  t h e  i n d i v i d u a l  a c t u a t o r s  from t h e  f i g u r e  
s e n s o r  developed under NASA C o n t r a c t  NAS1-5198 ( i . e . ,  t h e  
segmented m i r r o r  exper iment)  . 
( c )  To combine t h e  Eigure sensor ,  e l e c t r o n i c s ,  a c t u a t o r s ,  and 
m i r r o r  i n t o  a n  au tomat ic  c o n t r o l  system, t h e  d e s i g n  ob jec -  
t i v e  of which was t o  m a i n t a i n  t h e  f i g u r e  e r r o r  t o  w i t h i n  
1/20 X r m s  o r  b e t t e r .  Sequencing and programming could  be 
done manually.  
(d) To e v a l u a t e  t h e  c losed- loop  o p e r a t i o n  of t h e  c o n t r o l  s y s  tem 
t o  de te rmine  t h e  accuracy  o f  opera t ion ,  employing t h e  k n i f e -  
edge t e s t ,  t h e  p o i n t  s o u r c e  t e s t ,  and s c a n s  o f  t h e  m i r r o r  
s u r f a c e  w i t h  t h e  phase measurement i n t e r f e r o m e t e r .  
The r e s u l t s  o b t a i n e d  d u r i n g  t h e  program a r e :  
1. The m i r r o r  was f a b r i c a t e d  from fused s i l i c a  t o  t h e  fo l lowing  dimen- 
s i o n s .  
Diameter - 30 inches  
Thickness  - 0.50 inch  
Radius o f  Curva tu re  - 178 inches  
2 .  A f o r c e  a p p l i c a t i o n  arrangement of 61 p o i n t s  l o c a t e d  hexagona l ly  on 
3 .75- inch c e n t e r s  was s e l e c t e d  t o  remove e r r o r s  of t h e  s p a t i a l  f r e -  
quency expec ted  and t o  t e s t  p r e d i c t i o n s  f o r  response  of a high-  
o r d e r  i n t e r a c t i n g  c o n t r o l  sys tem.  
3 .  A t h e o r e t i c a l  approach f o r  s y n t h e s i z i n g  a  s t a b l e  h igh-order  i n t e r -  
a c t i n g  c o n t r o l  sys tem was developed.  P r e d i c t i n g  s t a b i l i t y  r e q u i r e d  
knowledge of t h e  m i r r o r  r e a c t i o n  t o  t h e  m u l t i p l e  f o r c e s  used t o  
m a i n t a i n  t h e  d e s i r e d  m i r r o r  f i g u r e  . A s t r u c t u r a l  a n a l y s i s  program 
was used t o  o b t a i n  e s t i m a t e s  o f  t h e  s t a t i c  d e f l e c t i o n s  o f  a - p o i n t -  
loaded, t h i n ,  shallow, s p h e r i c a l  m i r r o r .  The c a l c u l a t e d  d e f l e c t i o n s  
were compared t o  e x p e r i m e n t a l l y  measured d e f l e c t i o n s .  The ana ly -  
t i c a l  program was used t o  de te rmine  t h e  p r o p e r t i e s  of t h e  30- inch-  
d iamete r  mi r ro r ,  from which i t  was p o s s i b l e  t o  p r e d i c t  t h a t  a  
s t a b l e  c o n t r o l  s ys tem could be des igned .  
A c o n t r o l  sys tem was des igned  and b u i l t  employing p a r a l l e l  a n a l o g  
c o n t r o l  channe l s  and u s i n g  a  m a t r i x  of feedforward e lements  t o  
c o u n t e r a c t  t h e  e f f e c t  of m i r r o r  i n t e r a c t i o n  and hence improve 
s e r v o  r e s p o n s e .  Prom t h e  a n a l y s i s  of t h e  m i r r o r  i n t e r a c t i o n ,  
feedforward network v a l u e s  were de te rmined .  
4 .  D i f f e r e n t i a l  s p r i n g  t y p e  a c t u a t o r s  capab le  of a p p l y i n g  f o r c e s  
w i t h  a  range  o f  + two pounds and producing l o c a l  d i sp lacements  
of a wavelength  were des igned and b u i l t .  
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5, A m i r r o r  s u p p o r t  sys tem t o  minimize t h e  e x t e r n a l  s t r e s s e s  on 
t h e  m i r r o r  due t o  t h e  mounting arrangement  i t s e l f  was des igned  
and c o n s t r u c t e d ,  
6,  The e x i s t i n g  phase  measurement i n t e r f e r o m e t e r  f i g u r e  s e n s o r  was 
modi f i ed  f o r  u s e  w i t h  t h e  t h i n  m i r r o r  c o n t r o l  sys tem by a d d i n g  
tilt and f o c u s  c o n t r o l  and a  photodiode m a t r i x  f o r  p a r a l l e l  
s e n s i n g  o f  t h e  6 1  m i r r o r  image p o i n t s  c o r r e s p o n d i n g  t o  t h e  a c t u a t o r  
l o c a t i o n s .  
7 .  The m i r r o r ,  a c t u a t o r s ,  and s u p p o r t  sys tem were assembled and 
mounted i n  a  vacuum t a n k .  
8. The m i r r o r  was a l i g n e d ,  and t h e  accuracy  o f  a l ignment  and t h e  
p r e c i s i o n  and response  of  t h e  c o n t r o l  sys tem were t e s t e d  w i t h  t h e  
f o l l o w i n g  r e s u l t s  : 
The f i n a l  m i r r o r  f i g u r e  w i t h  a  n e a r  optimum m i r r o r - t o - f i g u r e -  
s e n s o r  s p a c i n g  was measured t o  be b e t t e r  t h a n  h/50 by a n a l y s i s  
of  i n t e r f e r o g r a m s  and p r o f i l e  s c a n s ,  and t h i s  performance was 
q u a l i t a t i v e l y  conf i rmed by p i n h o l e  t e s t s .  
The c o n t r o l  sys tem r e s p o n s e  t o  s t e p  d i s t u r b a n c e s  v e r i f i e d  t h e  
t h e o r e t i c a l  p r e d i c t i o n s  and t h e  c o n t r o l  p r e c i s i o n  was obse rved  
t o  b e  b e t t e r  t h a n  1/150 wavelength r m s  from r e p e a t a b i l i t y  
measurements made w i t h  t h e  p r o f i l e  s c a n  t e s t .  
The b a s i c  concept  of  A c t i v e  O p t i c s  a p p l i e d  t o  a  t h i n  m i r r o r  i s  d e c e p t i v e l y  
s i m p l e ,  I n  p r i n c i p l e ,  t h e  m i r r o r  f i g u r e  e r r o r  i s  measured and t h e  m i r r o r  
i s  s t r e s s e d  t o  remove t h e  e r r o r .  I n  p r a c t i c e ,  t h e r e  were s e v e r a l  d i f f i c u l t  
problems t o  b e  s o l v e d .  There  were t h e  q u e s t i o n s  of what k i n d s  of e r r o r s  had 
t o  b e  accommodated, how t h i c k  t h e  m i r r o r  shou ld  be made, whether  f o r c e  o r  
d i sp lacement  c o r r e c t i o n  was t o  b e  used,  and how t h e  m i r r o r  shou ld  be  mounted. 
The key problem was f i n d i n g  a  s y s t e m a t i c  r e l a t i o n s h i p  between what cou ld  b e  
measured and t h e  t y p e s  of f i g u r e  c o n t r o l  t h a t  were p o s s i b l e  ( subsequen t ly  
r e f e r r e d  t o  a s  t h e  c o n t r o l  sys tem).  
As d i s c u s s e d  p r e v i o u s l y ,  t h e r e  a r e  t h r e e  g e n e r a l  c l a s s e s  of deformable  m i r r o r s .  
It was n o t e d  t h a t  development of  t h e  t h i n  deformable  m i r r o r  would prove t h e  
g e n e r a l  concep t .  Also ,  f a b r i c a t i o n  and t e s t  of a  t h i n  deformable  m i r r o r  w i l l  
g e n e r a t e  r e s u l t s  which can be  e a s i l y  modi f i ed  f o r  sys tems u t i l i z i n g  e i t h e r  a  
semi-deformable t h i c k  m i r r o r  o r  a  deformable  m i r r o r  segment. Thus, t h e  sys tem 
of  F i g u r e  188 w a s  des igned ,  f a b r i c a t e d ,  and t e s t e d .  The number and p o s i t i o n  
of  t h e  f o r c e  p o i n t s  i s  shown i n  F i g u r e  189 . The s p a c i n g  o f  t h e  a c t u a t o r s  
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and t h e  a m p l i t u d e  of  c o r r e c t i o n  t h a t  t h e y  a r e  r e q u i r e d  t o  make depend upon 
t h e  m i r r o r  a b e r r a t i o n s ,  which a r e  due t o  f a b r i c a t i o n  t o l e r a n c e s ,  g r a v i t a t i o n a l  
environment ,  t h e r m a l  environment ,  spontaneous  s t r e s s  r e l e a s e ,  and dynamic 
l o a d i n g  t o  b e  removed. 
It was i n i t i a l l y  p r e d i c t e d  t h a t  t h e  f i g u r e  de fo rmat ions  o f  a  30- inch t h i n  
m i r r o r  c o u l d  b e  m a i n t a i n e d  below 1 wavelength  peak o v e r a l l  and l e s s  t h a n  
1/10 wavelength  peak o v e r  any a r e a  w i t h  a  d iamete r  of  6 i n c h e s .  The a c t u a l  
e r r o r s  exceeded t h e s e  e s t i m a t e s  by a  f a c t o r  of  2 ,  b u t  t h e i r  removal was s t i l l  
w e l l  w i t h i n  t h e  c a p a b i l i t y  of  t h e  c o n t r o l  system. It would c e r t a i n l y  be d e s i r -  
a b l e ,  however, t o  produce,  from t h e  s t a n d p o i n t  of long  term r e l i a b i l i t y  i n  a n  
o r b i t i n g  sys tem,  a  f i g u r e  a c c u r a c y  t h a t  minimizes  t h e  number of a c t u a t o r s  
r e q u i r e d  t o  remove de format ions  and t o  make t h e  m i r r o r  d i f f r a c t i o n  l i m i t e d .  
I n i t i a l  c a l c u l a t i o n s  i n d i c a t e  t h a t ,  f o r  a  g iven  a c t u a t o r  spac ing ,  a  l o c a l  
a m p l i t u d e  o f  de fo rmat ion  of approx imate ly  112 wavelength  can  b e  removed 
w i t h o u t  l e a v i n g  a  r e s i d u a l  r i p p l e  o f  g r e a t e r  t h a n  1/40 wavelength  peak. A 
r e s i d u a l  r i p p l e  of + l / 4 0  wavelength  would i n t r o d u c e  a n  r m s  e r r o r  o f  approx imate ly  
1/50 wavelength .  T h i s  means t h a t  t h e  ampl i tude  o f  a  de fo rmat ion  w i t h  t h e  h i g h -  
e s t  s p a t i a l  f requency t h a t  can  b e  c o r r e c t e d  shou ld  be  no g r e a t e r  t h a n  1/2 
wave l e n g t h .  
The a c t u a t o r  s p a c i n g  shou ld  b e  de te rmined  i d e a l l y  by t h e  h i g h e s t  s p a t i a l  
f r equency  o f  t h e  de fo rmat ions  t h a t  might be  expec ted  from a l l  s o u r c e s .  A 
t y p i c a l  d i f f r a c t i o n - l i m i t e d  m i r r o r ,  such  a s  t h e  36-inch S t r a t o s c o p e  m i r r o r  
shown i n  F i g u r e  1 9 0 ,  i l l u s t r a t e s  t h e  t y p e  o f  r e s i d u a l  de fo rmat ions  t h a t  
may b e  e x p e c t e d  a f t e r  f i g u r i n g .  
As was expec ted ,  t h e r m a l  e f f e c t s  a r e  n o t  t h e  l i m i t i n g  f a c t o r s  f o r  l a b o r a t o r y  
t e s t s .  For  space  o p e r a t i o n ,  t h e  change from a  g r a v i t y  t o  g r a v i t y - f r e e  e n v i r o n -  
ment may c a u s e  s i g n i f i c a n t  mechan ica l  d i s t o r t i o n .  However, a f t e r  c o r r e c t  
a l ignment  and o p e r a t i o n  have been e s t a b l i s h e d ,  t h e r m a l  e f f e c t s  w i l l  p robab ly  
predominate .  
The p r i n c i p a l  s o u r c e s  o f  f i g u r e  e r r o r  f o r  t h e  l a b o r a t o r y  exper iment  a r e  t h o s e  
i n t r o d u c e d  d u r i n g  f a b r i c a t i o n  and t h e  s t r e s s e s  i n t r o d u c e d  by t h e  mounting 
s t r u c t u r e .  T h i s  i s  somewhat a r t i f i c i a l  i n  terms of  t h e  e v e n t u a l  spaceborne  
u t i l i z a t i o n  o f  t h e s e  t e c h n i q u e s .  However, t h e  range  of c o r r e c t i o n  t h a t  
t h e  sys tem i s  c a p a b l e  of making i n d i c a t e s  t h a t  i t  w i l l  b e  p o s s i b l e  t o  d e s i g n  
a  sys tem of  t h i s  s o r t  t h a t  w i l l  be  c a p a b l e  o f  l i v i n g  i n  and a d a p t i n g  t o  t h e  
environment  i n  which i t  i s  t o  o p e r a t e .  
The a c t u a t o r  placement chosen g i v e s  uniform s p a c i n g  of t h e  a c t u a t o r s  o v e r  t h e  , 
e n t i r e  m i r r o r  ( s e e  F i g u r e  1 8 9 ) .  Each a c t u a t o r  i s  symmet r i ca l ly  su r rounded  
by o t h e r  a c t u a t o r s  excep t  t h o s e  n e a r  t h e  edge d i s c o n t i n u i t y .  T h i s  i s  n o t  
n e c e s s a r i l y  t h e  optimum arrangement  of  a c t u a t o r s .  For  i n s t a n c e ,  when more i s  
known a b o u t  t h e  d i s t r i b u t i o n  of s t r e s s e s  due t o  t h e  space  environment ,  i t  
might  b e  d e s i r a b l e  t o  v a r y  t h e  a c t u a t o r  d e n s i t y  a s  a  f u n c t i o n  of r a d i a l  p o s i t i o n  
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o r  t o  add a  few a c t u a t o r s  n e a r  t h e  unsuppor ted  segments o f  t h e  m i r r o r ' s  edge.  
For  t h e  p r e s e n t ,  however, t h e  even ly  d i s t r i b u t e d  arrangement  shown was c o n s i d e r e d  
a d e q u a t e  t o  demons t ra te  t h e  c o n t r o l  sys tem f e a s i b i l i t y  and t o  produce the. 
d e s i r e d  f i n a l  f i g u r e  accuracy .  
The maximum s p a t i a l  f r equency  of  t h e  de fo rmat ion  t h a t  can be  removed i s  7 . 5  
i n c h e s  p e r  c y c l e  based  upon a n  a c t u a t o r  s p a c i n g  of 3.75 i n c h e s  and t h e  f a c t  
t h a t  a t  l e a s t  t h r e e  p o i n t s  of c o n t a c t  a r e  r e q u i r e d  t o  g e n e r a t e  a  non-plane 
f i g u r e  change.  The 5 8 - a c t u a t o r  d i s t r i b u t i o n  shown g i v e s  degree  of c o n t r o l  
o v e r  s t a t i c  de fo rmat ions  w i t h  a h i g h  s p a t i a l  f r equency  component such  as i s  
t y p i c a l  of t h e  r e s i d u a l  de fo rmat ions  obse rved  i n  t h e  S t r a t o s c o p e  m i r r o r .  
I n  t h e  p r e s e n t  c a s e ,  it a l s o  demons t ra tes  t h e  a b i l i t y  o f  a  m u l t i p l e - l o o p  
c o n t r o l  sys tem t o  o p e r a t e  i n  a  s t a b l e  mode w i t h  t h e  number of  a c t u a t o r  
p o i n t s  t o  be expec ted  i n  a  l a r g e r  m i r r o r  sys tem.  
System C o n f i g u r a t i o n  
The b a s i c  c o n t r o l  sys tem c o n f i g u r a t i o n  i s  as  shown i n  F i g u r e  191 . The m i r r o r  
i s  a  30- inch d i a m e t e r ,  1 /2 - inch  t h i c k ,  f u s e d - s i l i c a ,  s p h e r i c a l ,  F / 3  r e f l e c t o r .  
It i s  c o n t r o l l e d  by n  a c t u a t o r s .  
The t h i n  m i r r o r  f l e x  a c t u a t o r  can b e  i d e a l i z e d  i n  g e n e r a l  by d e f i n i n g  f o r c e  
and d i sp lacement  a c t u a t o r s  i n  t e rms  of  t h e i r  r e l a t i v e  s p r i n g  c o n s t a n t s .  
The a c t u a t o r  motor can  produce e i t h e r  a  f o r c e  o r  a  d i sp lacement .  The f o r c e  
o r  d i sp lacement  can b e  c o n s i d e r e d  t o  b e  working i n  p a r a l l e l  w i t h  a s p r i n g  and 
mass i n  t h e  m o b i l i t  analogy," o r  i n  s e r i e s  w i t h  a  s p r i n g  and mass i n  t h e  
c l a s s i c a l  analogy.*' I f  t h e  s p r i n g ' s  c o n s t a n t  i s  much g r e a t e r  t h a n  t h e  o t h e r  
s p r i n g  c o n s t a n t s  of t h e  system, t h e  a c t u a t o r  i s  c o n s i d e r e d  t o  b e  a  " d i s p l a c e -  
ment" a c t u a t o r .  An example of  t h i s  t y p e  of  a c t u a t o r  i s  a  r i g i d  p i e z o e l e c t r i c  
e lement .  I f  t h e  s p r i n g  c o n s t a n t  i s  much lower t h a n  t h e  o t h e r  s p r i n g  c o n s t a n t s  
of t h e  sys tem,  t h e  a c t u a t o r  i s  c o n s i d e r e d  t o  be  a  " fo rce"  a c t u a t o r .  An example 
o f  t h i s  t y p e  o f  a c t u a t o r  i s  a m o t o r - c o n t r o l l e d  l e a d  screw, which d r i v e s  a  v e r y  
s o f t  s p r i n g .  The p r o p e r t i e s  of  t h r e e  a c t u a t o r  t y p e s  c h a r a c t e r i z e d  by t h r e e  
d i f f e r e n t  r e l a t i v e  s p r i n g  c o n s t a n t s  a r e  developed below: 
@ High S p r i n g  Constant  (Displacement A c t u a t o r ,  s e e  
F i g u r e  192a o ) 
I n  t h i s  case ,a  d i sp lacement -p roduc ing  d e v i c e  i s  approximated by s e t t i n g  t h e  
s p r i n g  c o n s t a n t  h i g h  w i t h  r e s p e c t  t o  t h e  o t h e r  s p r i n g  c o n s t a n t s  o f  t h e  sys tem.  
I n  t h i s  c o n f i g u r a t i o n ,  t h e  d i sp lacement  s t e p  s i z e s  a r e  v e r y  n e a r l y  e q u a l  i n  
s i z e  t o  t h o s e  d i sp lacements  t h a t  a r e  produced i n  t h e  m i r r o r ,  and a  d i s p l a c e -  
ment produced a t  o n e  p o i n t  h a s  r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  d i sp lacement  
o f  o t h e r  a c t u a t o r  p o i n t s .  The f o r c e s  a p p l i e d  t o  t h e  m i r r o r  a t  each a c t u a t o r  
J. 
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p o i n t ,  however, a r e  d e f i n i t e l y  dependent  upon t h e  o t h e r  a c t u a t o r  d i s p l a c e m e n t s .  
T h i s  means t h a t  t h e  i n t e r a c t i o n  due t o  mechan ica l  c o u p l i n g  th rough  t h e  m i r r o r  i s  
a u t o m a t i c a l l y  accommodated s o  t h a t  a l o c a l  d i sp lacement  can  be o b t a i n e d  a t  
any p o i n t  by programming a  s i n g l e  a c t u a t o r  a t  t h a t  p o i n t .  It i s  assumed t h a t  
t h e  back ing  p l a t e  i s  v e r y  r i g i d  i n  t h i s  c a s e  and t h a t  a component r e p r e s e n t i n g  
t h e  back ing  p l a t e  r i g i d i t y  i s  i n c l u d e d  i n  t h e  a c t u a t o r  s p r i n g  c o n s t a n t .  
The h i g h e s t  s p r i n g  c o n s t a n t  i n  t h e  0 .5- inch t h i c k  m i r r o r  i s  t h a t  c o n s t a n t  
a s s o c i a t e d  w i t h  a d i sp lacement  of a  s i n g l e  a c t u a t o r  w i t h  a l l  o f  t h e  o t h e r  
a c t u a t o r s  h e l d  f i x e d .  The d i s p l a c e m e n t - f o r c e  r e l a t i o n s h i p  f o r  t h i s  c a s e  i s  
approx imate ly  10 m i c r o i n c h e s  d i sp lacement  w i t h  a  1 pound f o r c e  f o r  3 .75 -  
i n c h  a c t u a t o r  s p a c i n g ,  T h i s  g i v e s  a  s p r i n g  c o n s t a n t  of  100,000 pounds.  p e r  
inch .  I f  a n  e f f e c t i v e  a c t u a t o r  s p r i n g  c o n s t a n t  of a t  l e a s t  10 t i m e s  t h i s  
v a l u e  i s  d e s i r e d  t o  approx imate  a d i sp lacement  a c t u a t o r ,  t h e  a c t u a t o r  and 
b a c k i n g  p l a t e  t o g e t h e r  must p r e s e n t  a s p r i n g  c o n s t a n t  of  l o 6  pounds p e r  i n c h .  
T h i s  r e q u i r e s  a b a c k i n g  p l a t e  w i t h  t h e  r i g i d i t y  of a  2- inch t h i c k  s t e e l  p l a t e  
and a c t u a t o r s  w i t h  t h e  r i g i d i t y  of a 1- inch- long by 0 .5- inch-diameter  g l a s s  r o d .  
A s  t h e  s i z e  of t h e  m i r r o r  i n c r e a s e s ,  t h e  e f f e c t i v e  t h i c k n e s s  of  t h e  b a c k i n g  
p l a t e  w i l l  s c a l e  approx imate ly  p r o p o r t i o n a l l y  i f  t h e  number of a c t u a t i o n  p o i n t s  
remains  t h e  same. T h i s  would reduce  t h e  we igh t - sav ing  a d v a n t a g e  t o  b e  o b t a i n e d  
w i t h  a n  a c t i v e  o p t i c a l  sys tem u t i l i z i n g  a  t h i n  deformable  m i r r o r .  
e S p r i n g  Cons tan t  Equal t o  t h e  Approximate Magnitude of t h e  
Other  S p r i n g  Cons tan t s  of t h e  System (See F i g u r e  192b ). 
I n  t h i s  c a s e ,  t h e  d i sp lacement  s t e p  s i z e  i s  l a r g e r  t h a n  t h e  d i s p l a c e m e n t s  
c r e a t e d  i n  t h e  m i r r o r .  Both t h e  s t e p  s i z e  and t h e  a p p l i e d  f o r c e s  depend 
s t r o n g l y  upon a l l  t h e  a c t u a t o r s .  I n  g e n e r a l ,  n e i t h e r  t h e  d i sp lacement  n o r  
t h e  f o r c e  a p p l i e d  is  a  un ique  f u n c t i o n  of t h e  d r i v e  a p p l i e d  t o  a  p a r t i c u l a r  
a c t u a t o r .  One p a r t i c u l a r  c o n f i g u r a t i o n ,  however, does  p r o v i d e  t h e  independen t  
d i sp lacement  c h a r a c t e r i s t i c  obse rved  i n  c a s e  1. T h i s  c o n f i g u r a t i o n  u s e s  a  v e r y  
s t i f f  a c t u a t o r  and a  b a c k i n g  p l a t e  t h a t  h a s  t h e  same r e l a t i v e  d i sp lacement  
c h a r a c t e r i s t i c s  a s  t h e  m i r r o r .  That  i s ,  t h e  o f  t h e  d i sp lacement  a t  
any  p o i n t  i s  t h e  same a s  t h e  c o r r e s p o n d i n g  p o i n t  on t h e  m i r r o r  f o r  a  g iven  
f o r c e  c o n f i g u r a t i o n .  The on ly  p r a c t i c a l  way t o  o b t a i n  t h i s  same d i sp lacement  
c h a r a c t e r i s t i c  i s  t o  u s e  a  back ing  p l a t e  t h a t  i s  i d e n t i c a l  t o  t h e  m i r r o r .  (An 
i n f i n i t e l y  r i g i d  b a c k i n g  p l a t e  t h a t  h a s  t h e  "same" shape b u t  z e r o  a m p l i t u d e  
a l s o  s a t i s f i e s  t h i s  r equ i rement  b u t  h a s  a l r e a d y  been c o n s i d e r e d  i n  c a s e  1 . )  
The advan tage  t h i s  sys tem p r e s e n t s  i s  a g a i n  t h e  a u t o m a t i c  l o c a l i z a t i o n  of 
t h e  a c t u a t o r  e f f e c t  ( i f  t h e  a c t u a t o r s  themse lves  a r e  v e r y  r i g i d ) ,  a s  i n  c a s e  1, 
w i t h o u t  a  h i g h l y  r i g i d  and,  consequen t ly ,  mass ive  back ing  p l a t e .  
The b a c k i n g  p l a t e  shou ld  b e  o f  t h e  same m a t e r i a l  and geometry as t h e  m i r r o r .  
The mounting arrangement  would be  r e s t r i c t e d  and p robab ly  complex i n  o r d e r  
t o  m a i n t a i n  t h e  symmetry between m i r r o r  and b a c k i n g  p l a t e .  
The a c t u a t o r s  must have t h e  same c h a r a c t e r i s t i c s  r e q u i r e d  f o r  c a s e  1 above.  
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@ Low S p r i n g  Cons tan t  Force  A c t u a t o r ,  (See F i g u r e  192,-Jo 
I n  t h i s  c a s e ,  a f o r c e  a c t u a t o r  i s  approximated by s e t t i n g  t h e  a c t u a t o r  s p r i n g  
c o n s t a n t  v e r y  low w i t h  r e s p e c t  t o  t h e  o t h e r  s p r i n g  c o n s t a n t s  of t h e  systein. 
111 t h i s  c o n f i g u r a t i o n  t h e  s i z e  o f  t h e  a c t u a t o r  d isplacenrent  s t e p  i s  niuch l a r g e r  
t h a n  t h e  c o r r e c t i o n s  a p p l i e d  t o  t h e  a ~ i r r o r ,  The f o r c e  a p p l i e d  a t  a  g iven  
a c t u a t o r  i s  dependent upon t h e  c o n t r o l  of t h a t  a c t u a t o r  and i s  r e l a t i v e l y  
independen t  of  t h e  f o r c e s  e x e r t e d  by t h e  o t h e r  a c t u a t o r s .  The d i sp lacement  
produced,  however, i s  dependent  upon t h e  e f f e c t s  of a l l  t h e  a c t u a t o r s ,  The 
d i sp lacen ien t s  of t h e  u l i r ro r  s u r f a c e  a r e  e s s e n t i a l l y  independen t  o f  changes 
i n  t h e  shape  of t h e  b a c k i n g  p l a t e .  
Consider ,  f o r  example, t h e  30- inch d iamete r ,  0-5- inch t h i c k  m i r r o r  h a v i n g  
a c t u a t o r s  on 3 ,75- inch c e n t e r s  a p p l i e d  t o  t h e  m i r r o r  th rough  s p r i n g s  t h a t  
have  a  r a t e  of 4 pounds pe r  i n c h ,  A disp lacement  of  t h e  back ing  p l a t e  of  1 x 
l o a 3  inch  can g i v e  a  maximum m i r r o r  d i sp lacement  of  1 /100  wavelength f o r  
t h i s  c o n f i g u r a t i o n ,  T h i s  does  n o t  r e p r e s e n t  a  v e r y  s t r i n g e n t  t o l e r a n c e  
f o r  t h e  d imens iona l  s t a b i l i t y  of t h e  back ing  p l a t e  and, consequen t ly ,  i t  can 
b e  a  r e l a t i v e l y  f l e x i b l e  s t r u c t u r e .  
The b a s i c  advan tage  o f  t h e  f o r c e  a c t u a t i o n  approach i s  t h a t  t h e r e  i s  no 
requ i rement  f o r  a  r e l a t i v e l y  mass ive  b a c k i n g  p l a t e  and t h e r e  i s  no neces-  
s i t y  f o r  c o r r e c t i o n  of changes i n  m i r r o r  f i g u r e  due t o  t h e  d i s p l a c e m e n t s  o f  
t h e  back ing  p l a t e o  I n  t h e  f o r c e  a c t u a t i o n  sys tem,  t h e  p r e c i s i o n  m i r r o r  i s  t h e  
n a t u r a l  r e s t r a i n i n g  s p r i n g  t h a t  c o n v e r t s  f o r c e  i n t o  d i s p l a c e m e n t ;  t h e r e f o r e ,  
it appeared  worthwhi le  t o  deve lop  t h e  f o r c e  a c t u a t o r  method e x p e r i m e n t a l l y  s i n c e  
i t  p r e s e r v e s  t h e  w e i g h t - s a v i n g  advan tage  of t h e  A c t i v e  O p t i c a l  approach,  
T h i s  d i s c u s s i o n  h a s  been i n  t e rms  of a  m i r r o r  p l u s  a  back ing  o r  r e a c t i o n  
p l a t e ,  I n  a  t r e s t l e - a r r a n g e m e n t  s u p p o r t  s t r u c t u r e ,  t h e r e  i s  no b a c k i n g  
p l a t e ,  and i n t e r a c t i o n  t a k e s  p l a c e  between a c t u a t o r  groups ,  A c t u a t o r s  
work i n  o v e r l a p p i n g  groups  of  f o u r ,  and t h e  groups  of  a c t u a t o r s  r e a c t  t h r o u g h  
t h e  m i r r o r  i t s e l f ,  
C o n s i d e r a t i o n  of t h e  a c t u a t o r  t y p e  t o  be  employed l e d  t o  t h e  c h o i c e  between f o r c e  
o r  d i sp lacement  type  o u t p u t ,  Very h i g h  s t i f f n e s s  a c t u a t o r s  have been shown 
t o  imply heavy s u p p o r t s .  T h i s  l a t t e r  r equ i rement  i s  perhaps  u n r e a l i s t i c  i n  
a space  a p p l i c a t i o n  where c o n s e r v a t i o n  of payload i s  impor tan t ,  T h e r e f o r e ,  
a  f o r c e  t y p e  a c t u a t o r  was used i n  t h i s  exper iment .  
The major d i s a d v a n t a g e  o f  t h e  f o r c e  o u t p u t  a c t u a t o r  i s  t h a t  d i sp lacement  
i n t e r a c t i o n  w i t h i n  t h e  m i r r o r  i n t r o d u c e s  t h e  p o s s i b i l i t y  of i n s t a b i l i t y  i n  t h e  
c o n t r o l  system, One o f  t h e  pr imary f u n c t i o n s  o f  t h e  c o n t r o l  sys tem t h e n  was 
t o  n e g a t e  t h e  m i r r o r  i n t e r a c t i o n  by d e l i b e r a t e l y  i n t r o d u c i n g  i n t e r a c t i o n s  i n  a  
s u i t a b l e  compensation network,  
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C o n t r o l  S y s t e n ~  S e l e c t i o n  
The b a s i c  c o n t r o l  problem was t o  a c c u r a t e l y  s e n s e  a  m i r r o r ' s  f i g u r e  and t o  
p r o v i d e  a  means t a  deform i t s  shape s o  a s  t o  i n s u r e  an rals f i g u r e  e r r o r  
o f  l e s s  t h a n  1 / 5 0 t h  o f  a  wavelength.  
The main d i f f i c u l t y  i n  a c h i e v i n g  t h i s  o b j e c t i v e  was c o n s i d e r e d  t o  b e  t h e  
m i r r o r ' s  i n t e r n a l  d i sp lacement  i n t e r a c t i o n ,  S e v e r a l  p o s s i b l e  approaches  
t o  o b t a i n i n g  t h e  o b j e c t i v e ,  i n  s p i t e  of  t h e  d i f f i c u l t y  o f  m i r r o r  i n t e r n a l  
i n t e r a c t i o n ,  a r e ;  
e N independen t ,  c o n t i n u o u s l y - t r a c k i n g  feedback l o o p s  
e A sampl ing  a d a p t i v e  sys tem 
e Optimal c o n t r o l  based on min imiza t ion  of  mean s q u a r e  e r r o r  
e S e l f - o r g a n i z i n g  c o n t r o l  
e Nodal e x c i t a t i o n  
It was dec ided  t h a t  t h e  f i r s t  approach was t h e  most s t r a i g h t f o r w a r d  and 
o f f e r e d  t h e  l e a s t  complex implementa t ion,  T h i s  d i d  n o t  p r e c l u d e  t h e  o t h e r  
approaches  from f u t u r e  c o n s i d e r a t i o n ,  b u t  t h e  p r o j e c t  d e s i g n  e f f o r t  was 
d i r e c t e d  toward t h e  f i r s t  approach,  
The b a s i c  c o n t r o l  sys tem d a t a  p r o c e s s i n g  approach was s e l e c t e d  a f t e r  e v a l u a t i n g  
t h r e e  c o m p e t i t i v e  t e c h n i q u e s :  
e Analog d a t a  p r o c e s s i n g  - I n  t h e  a n a l o g  approach,  t h e  
feedforward  r e s i s t o r s ,  de te rmined  from t h e  i n v e r t e d  
i n f l u e n c e  c o e f f i c i e n t  o r  s t i f f n e s s  c o e f f i c i e n t  m a t r i x  
of  t h e  m i r r o r ,  decouple  t h e  p a r a l l e l  channe l s .  
e D i g i t a l  d a t a  p r o c e s s i n g  - I n  t h e  d i g i t a l  approach,  t h e  s t i f f -  
n e s s  c o e f f i c i e n t  m a t r i x  i s  s t o r e d  i n  t h e  d a t a - p r o c e s s o r  
memory. The a n a l o g  e r r o r  s i g n a l s  i n  each  c h a n n e l  a r e  
c o n v e r t e d  t o  d i g i t a l  s i g n a l s ,  and m u l t i p l i c a t i o n  w i t h  t h e  
a p p r o p r i a t e  s t i f f n e s s  c o e f f i c i e n t s  i s  accomplished by a  
small g e n e r a l  purpose  d i g i t a l  computer t h a t  i s  a p p r o p r i a t e l y  
programmed, The p r o d u c t s  a r e  summed and d i s t r i b u t e d  t o  t h e  
a p p r o p r i a t e  a c t u a t o r  c h a n n e l s  where t h e y  a r e  c o n v e r t e d  
t o  a n a l o g  s i g n a l s  aga in .  T h i s  d a t a  h a n d l i n g  i s  accomplished 
by t h e  d i g i t a l  computer. 
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e Hybrid  d i g i t a l  and a n a l o g  d a t a  p r o c e s s i n g ,  T h i s  sys tem 
s t o r e s  t h e  s t i f f n e s s  c o e f f i c i e n t  m a t r i x  i n  a  d i g i t a l  
memory s t o r a g e  u n i t  t h a t  i s  used t o  c o n t r o l  an a n a l o g  s i g n a l  
m u l t i p l i e r ,  The m u l t i p l i e r  i s  a  b i n a r y  code l a d d e r  
t h a t  i s  programmed th rough  s w i t c h e s  c o n t r o l l e d  by t h e  
memory , 
Var ious  combinat ions  o f  p a r a l l e l  and s e q u e n t i a l  o p e r a t i o n  were c o n s i d e r e d  a s  
s u b c l a s s i f i c a t i o n s  o f  t h e s e  methods o f  p r o c e s s i n g ,  The a n a l o g  d a t a  
p r o c e s s i n g  method was s e l e c t e d  f o r  implementa t ion i n  t h i s  exper iment .  
Con t ro l  System Implementat ion 
The c o n t r o l  sys tem concept  i s  based  upon a  m a t r i x  of 6 1  p o i n t s  o r  nodes 
o f  f o r c e  a p p l i c a t i o n  a r r a y e d  on t h e  m i r r o r ,  For  t h e  decoup led  sys tem,  a f i g u r e  
e r r o r  measured a t  a p a r t i c u l a r  node i s  used t o  g e n e r a t e  a  c o n s t e l l a t i o n  of 
f o r c e s  t h a t  a r e  a p p l i e d  t o  t h e  back of  t h e  m i r r o r  i n  t h e  v i c i n i t y  of t h a t  node. 
I n  p r i n c i p l e ,  t h e  c o n s t e l l a t i o n  o f  f o r c e s  i s  computed s o  t h a t  it  g e n e r a t e s  o n l y  
a  l o c a l  de fo rmat ion  i n  a  s m a l l  a r e a  c e n t e r e d  on t h a t  p a r t i c u l a r  node, w h i l e  
a l l  o t h e r  p o r t i o n s  o f  t h e  m i r r o r  a r e  u n a f f e c t e d .  Any random f i g u r e  e r r o r  
p r o f i l e  i s  t h e n  c o n s i d e r e d  t o  b e  t h e  sum of many s m a l l  a r e a  e r r o r s  where t h e  
s m a l l  a r e a  s i z e  i s  de te rmined  by t h e  a c t u a t o r  s p a c i n g .  Th i s  approach 
e f f e c t i v e l y  decoup les  t h e  c o n t r o l  channe l s  f o r  each  node by t h e  u s e  of  c r o s s -  
f e e d s  i n  t h e  forward l o o p s ,  o r  "feedforwards",  t h a t  c o u n t e r a c t  t h e  i n t e r a c t i o n s  
i n  t h e  m i r r o r .  
The diagram o f  F i g u r e  193 i l l u s t r a t e s  t h e  g e n e r a l  c o n t r o l  concep t .  I n t e r -  
a c t i o n s  between t h e  tilt and f o c u s  c o n t r o l  loops  and t h e  f l e x  c o n t r o l  loops  
a r e  decoupled by keep ing  t h e  r e s p o n s e  t ime  o f  t h e  f l e x  c o n t r o l  loops  much 
longer  than  t h a t  o f  t h e  t i l t  and f o c u s  c o n t r o l  loops ,  i . e . ,  on t h e  o r d e r  of  
f i v e  t o  t e n  t imes  s lower .  
E r r o r  s i g n a l s  f o r  c o n t r o l  of  t h e  f l e x  a c t u a t o r s  a r e  developed from i n f o r m a t i o n  
a t  t h e  o u t p u t  of  a d i o d e  a r r a y .  F i f t y - e i g h t  channe l s  o f  s i g n a l  a m p l i f i c a t i o n ,  
f i l t e r i n g ,  h a r d  l i m i t i n g ,  and phase  d e t e c t i o n  a r e  u s e d  i n  t h e  f i g u r e  e r r o r  
d e t e c t o r  f o r  p a r a l l e l  o p e r a t i o n .  F i f t y - e i g h t  s e r v o  a m p l i f i e r s  a r e  used  f o r  
s imul taneous  o p e r a t i o n  of  a l l  channe l s .  
Feedforwards ,  c o n s i s t i n g  of  r e s i s t i v e  components between channe l s ,  p r o v i d e  
an a n a l o g  m u l t i p l i c a t i o n  and summing of  t h e  e r r o r  s i g n a l s .  I f  d e c o u p l i n g  
were n e c e s s a r y  between e v e r y  p a i r  o f  channe l s  and no symmetry were p r e s e n t ,  
approx imate ly  3600 r e s i s t o r s  would be  r e q u i r e d .  However, a  maximum of 19 
r e s i s t o r s  f o r  each node, o r  a t o t a l  o f  l e s s  t h a n  a  thousand r e s i s t o r s  f o r  t h e  
f u l l  m a t r i x  were e s t i m a t e d  t o  be  s u f f i c i e n t  t o  i n s u r e  s t a b i l i t y .  
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C o n t r o l  System Func t ions  
The c o n t r o l  sys tem f u n c t i o n a l  diagram i s  shown i n  F i g u r e  194, The 6 1  
c o n t r o l  channe l s  a r e  a lmos t  i d e n t i c a l  w i t h  some s m a l l  d i f f e r e n c e s  i n  f requency 
r e s p o n s e ,  c r o s s  coup l ing ,  and s w i t c h i n g  f u n c t i o n s  between t h e  £].ex c h a n n e l s  
and t h e  t i l t  and focus  c h a n n e l s .  Each channe l  t a k e s  i t s  s i g n a l  from a n  i n t e -  
g r a t e d  c i r c u i t  photodiode and f i e l d  e f f e c t  t r a n s i s t o r ,  p r e a m p l i f i e r  c i r c u i t  
d e t e c t o r  a t  t h e  o u t p u t  of t h e  phase  measurement i n t e r f e r o m e t e r .  Each s i g n a l  
i s  compared w i t h  a  r e f e r e n c e  s i g n a l  t o  o b t a i n  phase  i n f o r m a t i o n .  The dc v o l t a g e  
a t  t h e  o u t p u t  of t h e  phase d e t e c t o r s ,  p r o p o r t i o n a l  t o  t h e  phase  d i f f e r e n c e  
obse rved  between s i g n a l  and r e f e r e n c e ,  i s  a p p l i e d  i n  a p p r o p r i a t e  a m p l i t u d e  
t o  t h e  s e r v o  a m p l i f i e r s  th rough  t h e  feedforward m a t r i x  of r e s i s t o r s .  These  
r e s i s t o r s  d i s t r i b u t e  t h e  s i g n a l  i n  t h e  p r o p o r t i o n  de te rmined  by t h e  a n a l y s i s  
of t h e  m i r r o r  i n t e r a c t i o n  a s  a p p r o p r i a t e  t o  o b t a i n  decoupled loop o p e r a t i o n .  
For  i n i t i a l  a l i g n m e n t ,  a  s w i t c h i n g  arrangement  i s  p rov ided  t h a t  a l l o w s  t h e  
i n p u t  t o  each channe l  t o  b e  t a k e n  from a  preprogrammed p o s i t i o n  on t h e  image 
d i s s e c t o r  f a c e  p l a t e  i n s t e a d  of  from t h e  i n t e g r a t e d  c i r c u i t  p h o t o - d e t e c t o r s .  
T h i s  a l l o w s  each channe l  t o  b e  a l i g n e d  by sweeping t h e  movable s p o t  from a  n e a r -  
by a l i g n e d  channe l  t o  t h e  c h a n n e l  b e i n g  a l i g n e d  and t h e n  s w i t c h i n g  t h e  i n p u t  
t o  t h e  s i g n a l  from t h e  i n d i v i d u a l  p h o t o - d e t e c t o r .  T h i s  s t e p  i s  n e c e s s a r y  be-  
c a u s e  o f  t h e  p o s s i b i l i t y  of  i n t e g r a l  f r i n g e  d i s p l a c e m e n t s  e x i s t i n g  i n i t i a l l y  
between a c t u a t o r  l o c a t i o n s .  
Thin  M i r r o r  F a b r i c a t i o n  
The f i r s t  s t e p  i n  t h e  f a b r i c a t i o n  p rocedure  was t o  p r o c e s s  a  30- inch d i a m e t e r ,  
4 - inch  t h i c k ,  f u s e d - s i l i c a  m i r r o r  b lank ,  which had been s e l e c t e d  f o r  low u n i -  
form s t r a i n  r e l i e f  t o  o b t a i n  a  h i g h  q u a l i t y  s p h e r i c a l  s u r f a c e  on one s i d e .  
S ince  t h e  t e c h n i q u e s  f o r  p roduc ing  a  s p h e r i c a l  m i r r o r  s u r f a c e  on a  t h i c k  p l a n e  
a r e  w e l l  e s t a b l i s h e d ,  t h i s  o p e r a t i o n  d i d  n o t  i n v o l v e  any new procedure .  The 
n e x t  s t e p  was t o  r educe  t h e  t h i c k n e s s  of t h e  m i r r o r  t o  112 i n c h  by removing 
m a t e r i a l  from t h e  back.  The amount of  warping due t o  r e l e a s e d  s t r e s s  i n  t h e  
m a t e r i a l  was expec ted  t o  b e  s m a l l  s i n c e  t h e  m a t e r i a l  was r e l a t i v e l y  s t r a i n  
f r e e .  The p rocedure  f o r  removing m a t e r i a l  was: f i r s t ,  t o  c u t  o f f  a  s l a b  2  
i n c h e s  t h i c k  and t h e n  t o  remove t h e  remainder  by g r i n d i n g .  The 2 - i n c h  s l a b  
was c u t  by a  moving w i r e  t h a t  c a r r i e d  a  g r i n d i n g  s l u r r y .  Most of t h e  remain- 
i n g  m a t e r i a l  t o  b e  removed was t a k e n  o f f  on a s u r f a c e  g e n e r a t o r ,  b u t  t h e  f i n a l  
o p e r a t i o n  t o  remove t h e  l a s t  m i l l i m e t e r  of  m a t e r i a l  u t i l i z e d  a  p o l i s h i n g  t o o l .  
S u c c e s s i v e l y  f i n e r  g r i t s  o f  g r i n d i n g  compound were  used t o  remove any l o c a l  
s t r a i n s  i n t r o d u c e d  i n  t h e  c o a r s e  g r i n d i n g  p r o c e s s .  
The m i r r o r  was f i r s t  t e s t e d  a f t e r  t h e  s p h e r i c a l  f r o n t  s u r f a c e  had been  
g e n e r a t e d  b u t  b e f o r e  t h e  t h i c k n e s s  was reduced.  An i n t e r f e r o g r a m  o f  t h e  
m i r r o r  s u r f a c e  a t  t h i s  s t a g e  i s  shown i n  F i g u r e  195 . E v a l u a t i o n  of t h e  i n t e r -  
ferogram y i e l d e d  t h e  con tour  map shown i n  F i g u r e  196 . 
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F i g u r e  1 9 5 .  S c a t t e r p l a t e  I n t e r f e r o g r a m  o f  M i r r o r  
Before  Thickness  Reduct ion 
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Contour Values  Given 
i n  100 Wavelength st 
F i g u r e  196. Contour Map o f  30-inch Deformable 
M i r r o r  Before  Th ickness  Reduc t ion  
( c o n t o u r s  Show Depar tu res  from a 
Bes t  F i t  Sphere)  
PERKIN-ELMER 
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The l a r g e s t  peak d e v i a t i o n s  of t h e  m i r r o r  from a  b e s t  f i t  s p h e r e  a r e  observed  
t o  be  i-0.06 wavelength and -0.04 wavelength.  The m i r r o r  t h e r e f o r e  was w i t h i n  
t h e  t o l e r a n c e s  of 1 /10 wavelength  peak-to-peak t h a t  had been d e s i r e d  a t  t h i s  
s t a g e .  Th is  does n o t  i n c l u d e  approximately  112 i n c h  of edge around t h e  m i r r o r ,  
which was observed t o  b e  somewhat r o l l e d  o f f ,  T h i s  r o l l i n g  o f f  might have 
been f u r t h e r  reduced i n  o r d e r  t o  b r i n g  t h i s  1/2-inch zone w i t h i n  t h e  d e s i r e d  
t o l e r a n c e s  bu t  l i t t l e  o v e r a l l  improvement i n  performance o f  t h e  a c t i v e l y  
c o n t r o l l e d  sys tem cou ld  be expec ted  f o r  t h e  e f f o r t  invo lved .  
The t e s t  o f  t h e  112- inch- thick m i r r o r  t o  o b t a i n  i t s  f i g u r e  i n  an  u n s t r e s s e d  
c o n d i t i o n  invo lved  c o n s i d e r a b l y  more d e l i c a c y  i n  t h e  s u p p o r t i n g  arrangement 
t h a n  d i d  t h e  t e s t  o f  t h e  t h i c k  m i r r o r .  The r i g i d i t y  o f  t h e  m i r r o r  i s  a  
f u n c t i o n  of t h e  t h i c k n e s s  cubed s o  t h a t  t h e  ampl i tude  o f  d e f l e c t i o n  due t o  a  
l o c a l  n o n - d i s t r i b u t e d  f o r c e  i s  on t h e  o r d e r  o f  83 t imes  a s  g r e a t  f o r  t h e  
1 /2 - inch  th ic lc  m i r r o r  compared t o  t h e  d e f l e c t i o n  produced by t h e  same f o r c e  
on t h e  4- inch t h i c k  m i r r o r .  A noncompensated l o c a l  f o r c e  of l e s s  t h a n  a n  ounce 
can produce a  bending of t h e  112-inch m i r r o r  o f  a  wavelength.  
The method used t o  s u p p o r t  t h e  m i r r o r  d u r i n g  t e s t  was a n  a i r  s u p p o r t  t e c h n i q u e  
r e c e n t l y  developed a t  Perkin-Elmer f o r  u s e  w i t h  l a r g e  o p t i c a l  e lements  and 
p rov ided  a uniform p r e s s u r e  d i s t r i b u t i o n  much a s  t h e  a i r  bag t e c h n i q u e  does  
b u t  w i t h  fewer problems of  p r e s s u r e  c o n t r o l .  
The e v a l u a t i o n  was performed u s i n g  a  s c a t t e r p l a t e  i n t e r f e r o m e t e r  a t  t h e  c e n t e r  
of c u r v a t u r e .  The m i r r o r  was mounted i n  a vacuum t a n k  t h a t  was evacua ted  t o  
2  t o  3 i n c h e s  of mercury a b s o l u t e  p r e s s u r e ,  w i t h  t h e  o p t i c a l  a x i s  v e r t i c a l .  
The i n t e r f e r o m e t e r  was mounted a t  t h e  t o p  o f  t h e  t a n k  j u s t  above a  vacuum 
window and, t h e r e f o r e ,  a t  a tmospher ic  p r e s s u r e  f o r  convenience of o p e r a t i o n .  
Measurements o f  t h e  s u r f a c e  topography of  t h e  m i r r o r  were performed f o r  
s e v e r a l  o r i e n t a t i o n s  o f  t h e  m i r r o r  r e l a t i v e  t o  t h e  s u p p o r t  sys tem,  T h i s  
was done t o  i n d i c a t e  how much of any observed d i s t o r t i o n  was caused by t h e  
m i r r o r  i t s e l f  and how much was caused by any s m a l l  n o n u n i f o r m i t i e s  i n  s u p p o r t  
p r e s s u r e .  
Some v a r i a t i o n s  of f i g u r e  were observed i n  t h e  d i f f e r e n t  s u p p o r t  p o s i t i o n s ,  
i n t r o d u c i n g  an  a s t i g m a t i s m  on t h e  o r d e r  o f  1 /2  wavelength  i n  a d d i t i o n  t o  t h e  
d i s t o r t i o n s  t h a t  were observed t o  r o t a t e  w i t h  t h e  m i r r o r .  
The m i r r o r  was f i n a l l y  t e s t e d  w h i l e  mounted w i t h  i t s  a x i s  h o r i z o n t a l  on t h e  
weight  and r e a c t i o n  s u p p o r t  sys tem wi th  which i t  was a c t u a l l y  used.  I n t e r -  
ferograms were o b t a i n e d  w i t h  t h e  phase measurement i n t e r f e r o m e t e r .  The 
f i g u r e  observed i n  t h i s  c o n d i t i o n  was v e r y  c l o s e  t o  t h e  average  of t h o s e  
measured on t h e  a i r  bag s u p p o r t ,  w i t h i n  t h e  *1/2-wavelength v a r i a t i o n  d e s c r i b e d  
i n  t h e  precedirig paragraph.  
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The i n t e r f e r o g r a m  shown i n . F i g u r e  197 shows t h e  s u r f a c e  f i g u r e  o f  t h e  m i r r o r  
w h i l e  s u p p o r t e d  on t h e  weight  and r e a c t i o n  s u p p o r t  sys tem used i n  t h e  c l o s e d -  
loop  exper iment .  There  a r e  approximately  two wavelengths  of a s t i g m a t i s m  p l u s  
a kidney-shaped p l a t e a u  o f  approximately  1 wavelength  ampl i tude .  Although 
t h i s  was more t h a n  t w i c e  t h e  ampl i tude  i n i t i a l l y  d e s i r e d ,  i t  was s t i l l  expec ted  
t o  be  w i t h i n  t h e  range  o f  ampl i tude  t h a t  cou ld  be removed w i t h  t h e  des igned  
a c t u a t o r  s p a c i n g  t o  o b t a i n  a  f i n a l  a l ignment  w i t h  l e s s  t h a n  1/20 wavelength  
r m s  e r r o r .  
System Performance 
Four measurement t e c h n i q u e s  were employed t o  o b t a i n  a q u a n t i t a t i v e ,  as w e l l  
a s  a  q u a l i t a t i v e  e v a l u a t i o n  of t h e  accuracy  and p r e c i s i o n  o f  t h e  m i r r o r  a l i g n -  
ment d u r i n g  c o n t r o l .  In format ion  was o b t a i n e d  a b o u t :  t h e  a m p l i t u d e  o f  
d e p a r t u r e  o f  t h e  c o n t r o l l e d  s u r f a c e  from i d e a l  (bo th  l o c a l l y  and  rms), t h e  
p r e c i s i o n  and r e p e a t a b i l i t y  of t h e  c o n t r o l  system, and t h e  dynamic range o f  
t h e  sys tem ( i .e . ,  i t s  a b i l i t y  t o  remove l a r g e  e r r o r s ) .  
One of t h e  most g r a p h i c  t e c h n i q u e s  f o r  o b t a i n i n g  m i r r o r  f i g u r e  a c c u r a c y  
i s  by r e c o r d i n g  t h e  o u t p u t  o f  a  t e s t  i n t e r f e r o m e t e r  p h o t o g r a p h i c a l l y .  I n  
t h i s  case ,  t h e  t e s t  i n t e r f e r o m e t e r  was a l r e a d y  s e t u p  and a l i g n e d  a s  t h e  
f i g u r e  s e n s o r  i n  t h e  A c t i v e  O p t i c s  c o n t r o l  loop.  T h i s  tes t  shows t h e  l o c a l  
de format ions  of t h e  m i r r o r  q u a n t i t a t i v e l y  t o  w i t h i n  t h e  accuracy  of t h e  e r r o r s  
i n t r o d u c e d  by t h e  i n t e r f e r o m e t e r  i t s e l f ,  which were p r e v i o u s l y  shown t o  b e  
l e s s  t h a n  1/50X peak.* For  a  s p h e r i c a l  m i r r o r  t h e  i n t e r f e r o g r a m s  a r e  v e r y  
easy  t o  i n t e r p r e t .  F i g u r e  198 shows an  i n t e r f e r o g r a m  of t h e  m i r r o r  i n  a 
r e l a x e d  s t a t e  b e f o r e  a l ignment .  A t o p o g r a p h i c a l  model ( F i g u r e  199)  was 
made from t h i s  i n t e r f e r o g r a m .  The d i f f e r e n c e  between l e v e l s  of t h e  t o p o g r a p h i -  
c a l  model r e p r e s e n t s  a  1/2-wavelength change i n  f i g u r e  e r r o r  w i t h  r e s p e c t  t o  
a p e r f e c t  sphere .  
F i g u r e 2 0 0  shows an i n t e r f e r o g r a r n  o f  t h e  m i r r o r  a f t e r  a l ignment  by t h e  A c t i v e  
O p t i c s  c o n t r o l  system. I n  t h i s  c a s e  t h e  wavefront  i n  one arm of t h e  i n t e r -  
f e romete r  was t i p p e d  r e l a t i v e  t o  t h e  wavefront  i n  t h e  o t h e r  arm i n  o r d e r  
t o  o b t a i n  a s e t  o f  p a r a l l e l  s t r a i g h t - l i n e  f r i n g e s .  The d e v i a t i o n  of t h e s e  
f r i n g e s  from a . s t r a i g h t  l i n e  and from uniform s p a c i n g  i s  p r o p o r t i o n a l  t o  
t h e  de format ion  a t  t h e  m i r r o r ,  a g a i n ,  w i t h i n  t h e  accuracy  a l lowed  by any 
e r r o r s  i n t r o d u c e d  by t h e  i n t e r f e r o m e t e r .  
F i g u r e  201 shows a n  i n t e r f e r o g r a m  of  t h e  a l i g n e d  m i r r o r  a t  a m i r r o r - t o - f i g u r e -  
s e n s o r  s p a c i n g  approx imate ly  0.160 inch  l a r g e r  t h a n  t h a t  used f o r  F i g u r e  200. 
The m i r r o r  c u r v a t u r e  can be  main ta ined  a t  any g iven  r a d i u s  w i t h i n  t h e  r a n g e  
J- 
Crane, R D ,  Jr.: An Exper imental  Twenty-Inch Segmented A c t i v e  M i r r o r ,  IEEE 
Trans .  on Aerospace and E l e c t r o n i c  Systems. Vol. AES-5, No, 2, March 1969, 
ppo 279-286. 
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F i g u r e  197. I n t e r f e r o g r a m  of  Thin M i r r o r  B e f o r e  A c t i v e  C o r r e c t i o n  
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F i g u r e  198  . L n t e r f e r o g r a m  o f  30 I n c h  M i r r o r  B e f o r e  Al ignment ,  S u p p o r t e d  With 
O p t i c a l  A x i s  H o r i z o n t a l  
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F i g u r e  199 . Model o f  M i r r o r  Dev ia t ions  from S p h e r i c a l  S u r f a c e  Before  
Alignment - Each L e v e l  Represen t s  1 /2  Wavelength 
PERKIN-ELMER 
Report  No, 9800 
F i g u r e  200 . Lnte r fe rogram of 30 Inch  Mir ro r  a f t e r  Alignment with A c t i v e  
O p t i c s  C o n t r o l  System (Wavefront T i l t e d  t o  Obta in  S t r a i g h t  
L i n e  ~ r i n g e s )  
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F i g u r e  201 . I n t e r f e r o g r a m  of  30 Inch  M i r r o r  A f t e r  Alignment w i t h  A c t i v e  
O p t i c s  C o n t r o l  System. (Mir ro r  t o  F i g u r e  Sensor  D i s t a n c e  
Adjus ted  f o r  Close  t o  Optimum M i r r o r  F i g u r e  ) 
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of  t h e  a c t u a t o r s  by key ing  t h e  "focus"  c o n t r o l  t o  t h e  v a l u e  of t h e  o u t p u t  
v o l t a g e  of  t h e  p o s i t i o n - i n d i c a t i n g  p o t e n t i o m e t e r  of one of t h e  f l e x  a c t u a t o r s  
f o r  t h a t  p o s i t i o n .  It i s  a p p a r e n t  t h a t  t h e  r a d i u s  s e l e c t e d  f o r  F i g u r e  
i s  c l o s e r  t o  optimum t h a n  i s  t h e  r a d i u s  used i n  F i g u r e  201  . The 
r e s i d u a l  d e f o r m a t i o n s  measured f o r  t h e  two c a s e s  were 1/50, wavelength  rms 
and 1/50 wavelength  rms, r e s p e c t i v e l y .  
The i n t e r f e r o g r a m s  d e s c r i b e d  i n  t h e  p r e v i o u s  paragraph have  t h e  d i s a d v a n t a g e  
t h a t  t h e  c o n t r o l  sys tem must be  t u r n e d  o f f  t o  r e c o r d  them. T h i s  d i d  n o t  
s e r i o u s l y  degrade  t h e i r  a c c u r a c y  a s  t h e  m i r r o r  f i g u r e  was obse rved  t o  m a i n t a i n  
i t s e l f  v e r y  w e l l  a f t e r  t h e r m a l  e q u i l i b r i u m  had b e e n - r e a c h e d ;  however, i t  was 
d e s i r e d  t o  o b t a i n  s i m i l a r  q u a n t i t a t i v e  i n f o r m a t i o n  abou t  t h e  m i r r o r  s u r f a c e  under  
con t ro l .  t o  de te rmine  t h e  p r e c i s i o n  and r e p e a t a b i l i t y  of  t h e  c o n t r o l  sys tem.  
F i g u r e  202 shows a  s e t  o f  p r o f i l e  s c a n s  o b t a i n e d  by s c a n n i n g  t h e  o u t p u t  
of  t h e  phase  measurement i n t e r f e r o m e t e r  u s i n g  t h e  Image D i s s e c t o r  and a p p l y i n g  
t h e  o u t p u t  of t h e  phase  d e t e c t o r  t o  a n  x-y r e c o r d e r .  T h i s  g i v e s  a  s e t  o f  
c u r v e s  v e r y  s i m i l a r  i n  appearance  t o  t h e  i n t e r f e r e n c e  f r i n g e s  obse rved  i n  
F i g u r e  200 .  The m i r r o r  was scanned t w i c e  s o  t h a t  each c u r v e  c o n s i s t s  o f  
a  doub le  t r a c e .  The v a r i a t i o n s  between t r a c e s  g i v e  a n  i n d i c a t i o n  of  t h e  
p r e c i s i o n  of t h e  c o n t r o l  system. The r e p e a t a b i l i t y  i s  w i t h i n  1 /50 wavelength  
everywhere,  i n d i c a t i n g  t h a t  t h e  p r e c i s i o n  e r r o r  i n t r o d u c e d  by t h e  c o n t r o l  sys tem 
i s  l e s s  t h a n  11250 wavelength  rms. F i g u r e  203 shows models of  t h e  m i r r o r  
t a k e n  from t h e  i n t e r f e r o g r a m s  b e f o r e  and a f t e r  a c t i v e  c o r r e c t i o n .  
A p i n h o l e  s o u r c e  0 .0001- inch i n  d i a m e t e r  was l o c a t e d  approx imate ly  118 i n c h  
t o  one s i d e  of t h e  c e n t e r  of  c u r v a t u r e  of  t h e  m i r r o r  and t h e  image formed 
by t h e  m i r r o r  was obse rved  th rough  a  microscope.  The p i n h o l e  t e s t  does  n o t  
c o n t a i n  e r r o r s  from t h e  i n t e r f e r o m e t e r  o r  c o n t r o l  e l e c t r o n i c s  and d i r e c t l y  
t e s t s  t h e  a b i l i t y  of  t h e  m i r r o r  t o  perform t h e  f u n c t i o n  f o r  which it i s  
des igned ,  t h a t  i s ,  t o  form a n  image. T h e r e f o r e ,  t h e  p i n h o l e  t e s t  i s  a  
v e r y  u s e f u l  and n e c e s s a r y ,  a s  w e l l  a s  g r a p h i c ,  c ross -check  on t h e  performance 
of t h e  system. A n a l y s i s  of  t h e  p i n h o l e  image c a n  g i v e  q u a n t i t a t i v e  informa-  
t i o n  abou t  t h e  rms f i g u r e  e r r o r , b u t  i t  cannot  b e  c o r r e l a t e d  w i t h  s p e c i f i c  l o c a l  
a r e a s  o f  t h e  m i r r o r .  F i g u r e  204 i s  a  photograph of  t h e  image f o r  t h e  m i r r o r  
a l ignment  shown i n  t h e  i n t e r f e r o g r a m  of  F i g u r e  201, The f i r s t  d a r k  r i n g  
i s  0.00025 i n c h  i n  d i a m e t e r  i n  t h e  a c t u a l  image s o  t h a t  t h e  photograph i s  a  
5000X enlargement .  The u n i f o r m i t y  and symmetry of  t h e  f i r s t  d a r k  r i n g  
and t h e  f i r s t  b r i g h t  r i n g  o u t s i d e  t h e  Airy d i s k  a r e  q u i t e  good and i n d i c a t e  
t h a t  t h e  a l ignment  a c c u r a c y  i s  i n d e e d  c l o s e  t o  t h e  h /50  r m s  i n d i c a t e d  by  a n  
a n a l y s i s  of  F i g u r e  201. 
The kn i fe -edge  t e s t  i s  a  t r a d i t i o n a l  t e s t  t h a t  i s  u s e f u l  f o r  showing t h e  
l o c a t i o n  o f  m i r r o r  e r r o r s  b u t  i s  v e r y  d i f f i c u l t  t o  o b t a i n  good q u a n t i t a t i v e  
i n f o r m a t i o n  abou t  e r r o r  ampl i tude ,  e s p e c i a l l y  f o r  n e a r - d i f f r a c t i o n - l i m i t e d  
sys tems .  A sample knife-edge photograph i s  shown i n  F i g u r e  205 . 
A s i m i l a r  p i c t u r e  of  t h e  m i r r o r  f i g u r e  can b e  o b t a i n e d  i n  a n  i n t e r f e r o g r a m  a s  
shown i n  F i g u r e  206, The kn i fe -edge  t e s t  does n o t  i n c l u d e  e r r o r s  i n t r o -  
duced by t h e  i n t e r f e r o m e t e r  o p t i c s ,  b u t ,  a s  p r e v i o u s l y  no ted ,  t h e s e  a r e  s m a l l .  
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F i g u r e  202  . M i r r o r  F i g u r e  P r o f i l e  Scans from Phase  D e t e c t o r  Output 
During A c t i v e  Cont ro l  
P
E
R
K
IN
-E
L
M
E
R
 
(I) 
U
 
(I) 
Y
 
C
 aJ (I) 
ffl 
k
 
a
 
2 
ffl 
U
 
a
 
'+
I ffl 
Ll 2 
M
 
PERKIN-ELMER 
R e p o r t  No. 9800 
F i g u r e  20h0 Image of  0.0001-inch P i n h o l e  Source  a t  Mi r ro r  Cen te r  
of Curvature .  (5000 X Enlargement)  
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F i g u r e  205 F o u c a u l t  Knife  Edge T e s t  o f  30 Inch M i r r o r  A f t e r  
Alignment 
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F i g u r e  2060 I n t e r f  e rog ram o f  30 -Inch M i r r o r  A f t e r  Al ignment  
1-403 / 404 
PERKIN-ELMER Report  No. 9800 
EXPERIMENT NO. 8 - ACTIVE OPTICS USING HEAT CONTROL 
F i g u r e  207. Scheme For  Thermal C o n t r o l  of M i r r o r  F i g u r e  
Experiment O b j e c t i v e  
The o b j e c t i v e  of t h i s  exper iment  i s  t o  moni to r  t h e  f i g u r e  of a  m o n o l i t h i c  m i r r o r  
u s i n g  a c t i v e  h e a t i n g  and c o o l i n g  d e v i c e s ,  t o  c o n t r o l  t h e  m i r r o r  t h e r m a l  dev ices  
from t h e  ground i n  c o o r d i n a t i o n  w i t h  a  ground d i s p l a y  of c u r r e n t  m i r r o r  f i g u r e  
whi le  a t t e m p t i n g  t o  m a i n t a i n  a n  o v e r a l l  rrns f i g u r e  of  1 /50 wave over  t h e  e n t i r e  
m i r r o r .  
Experiment J u s t i f i c a t i o n  
It  i s  c l e a r l y  r e c o g n i z e d  t h a t  t h e  need f o r  a  f u t u r e ,  l a r g e ,  o r b i t i n g  t e l e s c o p e  
w i l l  r e q u i r e  some form of f i g u r e  s e n s i n g  (Experiment No. 1)  and some form o f  
a c t i v e  c o n t r o l  t o  keep t h e  f i g u r e  of t h e  m i r r o r  t o  1 /50  wave rms. The s e g -  
mented approach t o  A c t i v e  O p t i c s  (Experiment No. 1 )  and t h e  deformable  m i r r o r  
a r e  two a c t i v e  approaches  t o  t h e  s o l u t i o n  o f  m a i n t a i n i n g  d i f f r a c t i o n - l i m i t e d  
performance of l a r g e - a p e r t u r e  o p t i c a l  sys tem.  A t h i r d  approach i s  t h e  u t i l i z a -  
t i o n  of h e a t i n g  (and p o s s i b l y  c o o l i n g )  e l ements  i n t e g r a t e d  w i t h  t h e  p r imary  m i r r o r  
system t o  f o r c e  t h e  m i r r o r  i n t o  a n  i s o t h e r m a l  c o n d i t i o n  i n  t h e  p r e s e n c e  o f  undesirab!, 
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the rmal  g r a d i e n t s  o r  t o  induce  g r a d i e n t s  i n t o  t h e  m i r r o r  t o  make minor c o r r e c t i o n s  
t o  t h e  m i r r o r  f i g u r e  of  a  c o n v e n t i o n a l  m i r r o r s .  A c t i v e  the rmal  c o n t r o l  h a s  been 
;'r 
used s u c c e s s f u l l y  i n  P rance  on an 0.8-meter ground t e l e s c o p e .  
The a p p l i c a t i o n  of t h i s  approach t o  an  o r b i t i n g  t e l e s c o p e  i s  c o n s i d e r a b l y  more 
compl ica ted  s i n c e  t h e  d e s i r e d  r e s u l t a n t  f i g u r e  i s  a n  o r d e r  oE magni tude ( o r  two) 
more p r e c i s e  and t h e  the rmal  environment i s  c o n s i d e r a b l y  more d i f f i c u l t .  How- 
e v e r ,  t h e  t e c h n i q u e  i t s e l f  i s  worthy of e v a l u a t i o n  and,  a t  t h i s  p o i n t  i n  t h e  
LTEP program,, t h e  p r e l i m i n a r y  a n a l y s i s  which h a s  been conducted i s  s u f f i c i e n t  
t o  i n c l u d e  t h e  approach a s  a  proposed exper iment .  Th i s  exper iment  h a s  t h e  advan- 
t a g e  t h a t  i t  i s  complementary t o  t h e  deformable  m i r r o r  i n  t h a t  a  s i n g l e  m i r r o r  
may be  equipped w i t h  b o t h  f o r c e  a c t u a t o r s  and the rmal  s o u r c e s  w i t h o u t  unreason- 
a b l e  compl ica t ion .  
A c t i v e  Thermal C o n t r o l  D i s c u s s i o n  
The nonuniform and c o n s t a n t l y  v a r y i n g  t e m p e r a t u r e  environment of s p a c e  w i l l  in-  
duce  t e m p e r a t u r e  g r a d i e n t s  i n  a  l a r g e  m i r r o r  s t r u c t u r e  and, t h u s ,  deform t h e  
r e f l e c t i n g  s u r f a c e .  The proposed exper iment  i s  concerned w i t h  v a r i o u s  a s p e c t s  
of t h e  s o l u t i o n s  a v a i l a b l e  t o  a n  equipment d e s i g n e r  t o  c o r r e c t  t h e r m o e l a s t i c  
f i g u r e  de fo rmat ions  of  a  l a r g e  m i r r o r  i n  o r b i t .  
The approach  i s  t h e  t e c h n i q u e  of o b t a i n i n g  a c t i v e  o p t i c s  th rough  t h e r m a l  c o n t r o l  
by u s i n g  d i s c r e t e  h e a t i n g  (and /o r  t h e r m o e l e c t r i c  c o o l i n g )  c e l l s  i n  t h e  back of t h e  
m i r r o r .  Such a n  arrangement  cannot  e q u a l i z e  a  g iven  nonuniform t e m p e r a t u r e  d i s -  
t r i b u t i o n ,  b u t  i t  can i n t r o d u c e  a p p r o p r i a t e  a d d i t i o n a l  t h e r m o e l a s t i c  de fo rmat ions  
t o  t h e  m i r r o r  i n  o r d e r  t o  r e s t o r e  t h e  f i g u r e  of  t h e  r e f l e c t i v e  s u r f a c e .  Undoubtedly, 
t h i s  approach w i l l  i n v o l v e  compl ica ted  r e l a t i o n s  between t h e  measured f i g u r e  e r r o r  
and t h e  a p p r o p r i a t e  a c t i v a t i o n  of the rmal  c e l l s .  
A d d i t i o n a l  ground exper iment  work i s  i n  o r d e r  and ghould  be  performed b e f o r e  a  
space  exper iment  i s  a c t u a l l y  committed. A.  ~ o u d e r "  of  F rance  used t h i s  approach 
some y e a r s  ago f o r  c o r r e c t i n g  m i r r o r  d i s t o r t i o n s  which a r e  symmet r i ca l  t o  t h e  
a x i s  o f  t h e  m i r r o r .  He h a s  r e p o r t e d  on t h e  s a t i s f a c t o r y  c o r r e c t i o n  of t h e  "edge 
e f f e c t "  by means of  a  c i r c u l a r  h e a t i n g  pad a p p l i e d  t o  t h e  back of a  0 .8-meter  
m i r r o r .  The d e s c r i b e d  "edge e f f e c t "  i s  commonly encoun te red  w i t h  Ear th -based  
t e l e s c o p e s  d u r i n g  t h e  t e m p e r a t u r e  drop of  a  n i g h t - t i m e  o b s e r v a t i o n .  The o u t e r  
r i n g  of t h e  m i r r o r  d i s k  a d j u s t s  i t s e l f  f a s t e r  t o  t h e  env i ronmenta l  t e m p e r a t u r e  
t h a n  t h e  c e n t e r .  T h i s  r e s u l t s  i n  a  "turned-down edge" of t h e  o p t i c a l  s u r f a c e .  
He found t h a t  a  power of 3 w a t t s  i n t o  t h e  h e a t i n g  pad c o r r e c t e d  a n  "edge e f f e c t "  
of 112 wave. He a l s o  demons t ra ted  w i t h  some kn i fe -edge  cu t -o f f  photographs  t h a t  
a  power d i s s i p a t i o n  of  25 w a t t s  o v e r - c o r r e c t e d  t h e  m i r r o r  and produced a  p ro -  
nounced turned-up edge.  
The power n e c e s s a r y  t o  implement t h e  h e a t i n g  c e l l  method d e s c r i b e d  above f o r  a c t i v e  
t h e r m a l  c o n t r o l  has  been c a l c u l a t e d  a s  l e s s  t h a n  14 w a t t s .  T h i s  i s  based on t h e  
approach  t h a t  t h e  h e a t  i n p u t  r e q u i r e d  by t h e  m i r r o r  i s  de te rmined  by t h e  magni tude 
of t h e  nonuniform p a r t  of t h e  r a d i a n t  c o u p l i n g  t o  t h e  m i r r o r  from t h e  t e l e s c o p e  
s i d e  w a l l s  and t h e  open f r o n t  end. Also,  t h e  the rmal  conduct ion th rough  t h e  m i r r o r  
mount s t r u c t u r e  t o  t h e  t e l e s c o p e  and s p a c e c r a f t  s t r u c t u r e  can  be c o n t r o l l e d  t o  
n e g l i g i b l e  v a l u e s .  The t e l e s c o p e  t u b e  i s  r e l a t i v e l y  l o n g  a s  i l l u s t r a t e d  i n  the  
concept  drawings  f o r  t h e  2-meter a p e r t u r e  t e l e s c o p e *  
.J. 
Beer,  4 . :  V i s t a s  i n  Astronomy, Vol. I, Pergamon P r e s s ,  New York, 1955,p.  372. 
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EXPERIMENT NO. 9 - 1/100 ARC-SECOND TELESCOPE POINTING TECHNOLOGY 
Figure  208. LTEB Technology Telescope 
This  experiment i s  concerned with the  s t r i n g e n t  requirements assoc ia ted  wi th  
1/100 arc-second poin t ing  of space astronomical te lescopes .  
The ob jec t ive  i s  t o  develop s u i t a b l e  space t r a n s f e r  lens  techniques a s  w e l l  a s  
body poin t  techniques f o r  o r b i t a l  t e lescopes ,  The f i n e s t  p rec i s ion  poin t ing  
techniques f o r  la rge-aper ture  space o p t i c a l  systems are needed, This  experiment 
w i l l  involve t h e  compensation of po in t ing  e r r o r  sources and development of new 
technology t o  approach t h e  poin t ing  s t a b i l i t y  of 0,005 arc-seconds or  l e s s ,  
This  experiment can a l s o  provide knowledge of the  des ign  f ea tu re s  requi red  t o  
opt imize the  poin t ing  per fomance  of an even higher  r e s o l u t i o n  te lescope  such 
a s  t h e  3-meter OTES or MOAT with t h e  corresponding improvement i n  po in t ing  t o  
0.003 arc-seconds, Because of the low o rb i t ,  t h i s  experiment group must use 
s t a r s  a s  guidance t a r g e t s  bu t  an attempt t o  use Ear th  l a s e r  beacons would be 
worthwhile,  
Performing t h i e  engtneering experiment i n  space can v e r i f y  t h a t  f/100 are-s@sonds 
(o r  l a se )  point ing systems can be reduced t o  p r a c t i c e  and, therefore ,  permit the 
t echn ica l  go-ahead of the genera t ion  of space observa tor ies  fo r  t h e  1970-1985 
per iod ,  The ga ther ing  of d a t a  of l/fQO arc-second poin t ing  performance i n  the 
presence s f  o r b i t a l  veh ic l e  d is turbances  and during day l igh t  as  we l l  as darkness  
provides t h e  j u s t i f i c a t i o n  f o r  t h i s  experiment, 
PERKIN-ELMER Report No. 9800 
The a v a i l a b i l i ~ y  of such information w i l l  a l low assessment of po in t ing  system 
performance, v i a  comparison of measured and p red ic t ed  r e s u l t s ,  and s e r v e  t o  
uncover unexpected af f e c t s  i f  p r e sen t .  Subsequent parameter changes r equ i r ed  
f o r  improved performance of LTEP and optimum des ign  parameters f o r  o t h e r  
o r b i t i n g  o p t i c a l  ins t ruments  w i l l  then be determinable.  These ends can be 
met with each LTEP module i f  t he re  a r e  p r a c t i c a l  means of determining and/or 
ad jus t ing  the guidance sys  tern parame t e s s  and the  d is turbance  components and 
eva lua t ing  the  r e s u l t i n g  e r r o r  components. 
Determination of d i s tu rbance  components i n  each case  i s  reasonably s t r a i g h t -  
forward. For example, when opera t ion  i s  wi th  the  t r a n s f e r  lens,  i t s  motions 
r ep re sen t  very  c l o s e l y  the  p o s i t i o n a l  d i s turbances  introduced from v e h i c l e  
motions p lus  d i s tu rbance  e f f e c t s  of no i se  and secondary mir ror  mispos i t ion ing .  
The l a t t e r  e f f e c t  a r i s e s  mainly from s o l a r  heat ing-induced warp of the s t r u c -  
t u r a l  tube and, depending upon the performance of the a c t i v e  o p t i c  alignment 
c o r r e c t i o n  loops, may be reduced t o  n e g l i g i b l e  l e v e l s .  
Separa te  eva lua t ions  of t he  d is turbances  i s  f a c i l i t a t e d  through c o n t r o l l e d  
poin t ing  experiments and proper measurement techniques.  Tracking of b r i g h t  
guide s t a r s  i n  a  d i r e c t i o n  n e a r l y  oppos i te  t o  t h a t  of the sun, f o r  example, 
w i l l  accentua te  t he  r e l a t i v e  magnitude of v e h i c l e  mispoint ing by suppressing 
the o ther  d i s turbance  e f f e c t s .  Moreover, a  s epa ra t e  e s t ima te  of no i se  i n  
s i g n a l  i s  poss ib l e  under these  and o ther  condi t ions ,  s i n c e  the no i se  spectrum 
i s  white (or  f l a t )  up t o  f requencies  wel l  above both t h e  t r a n s f e r  l ens  loop 
bandwidth and the  h ighes t  frequency a s soc i a t ed  wi th  expected d i s tu rbances .  
This permits  t he  use  of bandpass e l e c t r o n i c s  f o r  no i se  measurements i n  the  
frequency range uncorrupted by o the r  d i s turbance  e f f e c t s .  Subsequent measure- 
ments, run wi th  the  LTEP kine of s i g h t  a t  o the r  angles  more nea r ly  normal t o  
the s o l a r  f lux ,  w i l l  have introduced c o n t r o l l e d  amounts of i n c i d e n t  s o l a r  f l ux ,  
and hence any secondary mi r ro r  mispointing which may accompany the  r e s u l t i n g  
s t r u c t u r a l  warp. 
S p e c t r a l  a n a l y s i s  of t h e  t r a n s f e r  l ens  motions as  monitored during t r a c k  can 
be employed f o r  f u r t h e r  s epa ra t ion  of p o s i t i o n a l  d i s turbance  i n t o  components ; 
viz ,  the s t r u c t u r a l  warp fundamental frequency equals  the  o r b i t a l  frequency 
while  the g r a v i t y  g r a d i e n t  i s  twice t h i s .  S imi l a r  a n a l y s i s  of t he  recorded 
e r r o r  s i g n a l s  (from the guidance e r r o r  s enso r s )  w i l l  a i d  i n  determining the 
r e s u l t i n g  e r r o r  components which a r e  r e l a t e d  amplitude and phasewise t o  the 
d is turbance  by the  guidance loop t r a n s f e r  func t ion .  This system cha rac t e r -  
i s t i c  i s  we l l  lcnown i n  the case  of the t r a n s f e r  l ens  approach, s i n c e  it i s  a func 
t i o n  of v a r i a b l e  p a r a t e r s  ( loop ga in  and time cons t an t s )  and f i x e d  con- 
s  t a n t s  ( t r a n s f e r  l ens  mass, e t c  .) which a r e  r e a d i l y  determined during ground 
t e s t i n g  . 
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I n  t h e  Free  r ' loa t  guidance c o n f i g u r a t i o n ,  a  s i m i l a r  approach  i s  p o s s i b l e  t o  
de te rmine  n o i s e  and d i s t u r b a n c e s , w h i c h  w i l l  b e  p r i m a r i l y  t o r q u e s  a p p l i e d  
d i r e c t l y  t o  t h e  t e l e s c o p e .  Recorded t o r q u e r  s i g n a l s  would s e r v e  h e r e  f o r  
d i s t u r b a n c e  i n d i c a t i o n  i n  a  f a s h i o n  s i m i l a r  t o  t h a t  s t a t e d  p r e v i o u s l y  f o r  
t h e  t r a n s f e r  l e n s  p o s i t i o n  s i g n a l s .  The s i t u a t i o n  i s  a  b i t  more complex b u t  
n o n e t h e l e s s  s i m i l a r l y  ana lyzed  when t h e  gimbal a x i s  s u s p e n s i o n  sys tem i s  
o p e r a t i n g .  Torquer  s i g n a l s  a s  w e l l  a s  g imbal  a x i s  a n g l e s  would b e  r e c o r d e d ,  
t h e  former s i g n a l s  s e r v i n g  t o  i d e n t i f y  t h e  t o t a l  t o r q u e  d i s t u r b a n c e  a c t i n g  
on t h e  LTEP t e l e s c o p e  and t h e  l a t t e r  s i g n a l s  ( p l u s  t h e  known gimbal b e a r i n g  
s p r i n g  c o n s t a n t s )  p r o v i d i n g  d a t a  on t h o s e  t o r q u e  components a t t r i b u t a b l e  t o  
b e a r i n g  i m p e r f e c t i o n s .  
We s h a l l  now d i s c u s s  t h e  methods o f  p o i n t i n g  e r r o r  e v a l u a t i o n s  i n  g r e a t e r  
d e t a i l .  The most d i r e c t  method i n  t h e  c a s e  of t h e  imagery modules ( C  and F) 
i s  t o  examine t h e  r e s u l t i n g  pho tos .  T h i s  i s  most mean ingfu l  from t h e  s t a n d -  
p o i n t  of  a s t r o n o m i c a l  u s a g e  s i n c e  t h e  end r e s u l t ,  t h e  photo ,  p l a c e s  i n  c l e a r  
ev idence  whether  t h e  l i n e - o f - s i g h t  s t a b i l i t y  was a d e q u a t e  d u r i n g  t h e  exposure .  
S h o r t  exposures  on b r i g h t  o b j e c t s  c a n  i n d i c a t e  t h e  o p t i c a l  d e g r a d a t i o n s  
s e p a r a t e  from t h e  o v e r a l l  e r r o r ,  i n c l u d i n g  m i s p o i n t i n g ,  shown by photos  of  
longer  d u r a t i o n  t a k e n  on dimmer o b j e c t s .  C o n t r o l l e d  exper iments  i n v o l v i n g  
d i f f e r e n t  guide  s t a r  b r i g h t n e s s ,  LTEP o r i e n t a t i o n s  r e l a t i v e  t o  t h e  sun,  
g a i n ,  s h a p i n g ,  e t c . ,  can,  a s  ment ioned e a r l i e r ,  a c c e n t u a t e  o r  s u p p r e s s  one 
o r  more components o f  d i s t u r b a n c e  a n d / o r  t h e  r e s u l t i n g  e r r o r s .  However, 
t h e  d e l i n e a t i o n  of  e r r o r  components by such  means w i t h  pho tograph ic  a n a l y s i s  
i s  c o n s i d e r e d  t o  b e  v e r y  l i m i t e d  and,  hence,  photo  i n s p e c t i o n  i s  normal ly  
used o n l y  a s  a  means o f  c l e a r l y  s u b s t a n t i a t i n g  r e s u l t s  o b t a i n e d  by d i f f e r e n t  
means. One such a l t e r n a t e  would i n v o l v e  t h e  u s e  of  a  s e p a r a t e  s e n s o r  p o s i -  
t i o n e d  t o  s p l i t  a  r e l a t i v e l y  b r i g h t  s t a r  image i n t o  two o r  f o u r  p a r t s .  The 
t empora l  e r r o r  s i g n a l s  r ecorded  from t h i s  s e n s o r ,  when t h e  t e l e s c o p e  i s  
g u i d i n g  on o t h e r  s t a r s ,  can  be  much more r e a d i l y  s p e c t r a l l y  a n a l y z e d .  The u s e  
of  t h e  b r i g h t  s t a r ,  i t  shou ld  b e  no ted ,  r educes  t h e  a s s o c i a t e d  s i g n a l  e r r o r s  
due t o  n o i s e  t o  a c c e p t a b l y  low l e v e l s .  The f o r e g o i n g  methods were u t i l i z e d  
t o  d e m o n s t r a t e  t h e  t r a c k i n g  perfor t rance  of  t h e  S t r a t o s c o p e  X I  sys tem,  b o t h  
when a l o f t  and w i t h  t h e  i n s t r u m e n t  f u l l y  o p e r a t i v e  i n  a  vacuum-cold chamber 
t o  s i m u l a t e  a c t u a l  c o n d i t i o n s  a l o f t .  T h i s  was c o n v e n i e n t l y  done w i t h  t h e  
i n s t r u m e n t  i n  i t s  pr imary o p e r a t i o n a l  mode, where in  one s e n s o r  g e n e r a t e s  x-y 
p o i n t i n g  e r r o r s  w h i l e  a  gyro  s e r v e s  a s  a  r o l l  r e f e r e n c e .  The o t h e r  s t a r  
s e n s o r ,  normal ly  r e s e r v e d  t o  p r o v i d e  r o l l  e r r o r  i n f o r m a t i o n  shou ld  t h e  gyro 
f a i l ,  was used  t o  moni to r  t h e  m i s p o i n t i n g .  Ex t ra  equipment f o r  t h e  e x p r e s s  
purpose  o f  p o i n t i n g  performance a p p r a i s a l  was t h u s  avo ided ,  a  f o r t u n a t e  c i r -  
cumstance which w i l l  n o t  p r e v a i l  i n  LTEP. A l e s s  d i r e c t  method, a l s o  demon- 
s t r a t e d  w i t h  S t r a t o s c o p e  f o r  i n - f l i g h t  performance e v a l u a t i o n ,  u t i l i z e s  e r r o r  
s i g n a l s  a s  g e n e r a t e d  by t h e  normal guidance s t a r - s p l i t t i n g  pho tosensors  and 
hence r e q u i r e s  no added equipment.  The approach i s  d e p i c t e d  i n  F i g u r e  209 
which a l s o  shows some t y p i c a l  r e s p o n s e  c h a r a c t e r i s t i c s  t o  make c l e a r e r  t h e  
f o l l o w i n g  d e s c r i p t i o n .  A c t u a l  l i n e - o f - s i g h t  d i s t u r b a n c e s  a r e  r e p r e s e n t e d  by 
gin which, i n  t h e  t r a n s f e r  l e n s  a r rangement ,  a r e  v e h i c l e  p o i n t i n g  e r r o r s .  
The t r a n s f e r  l e n s  mot ions  i n t r o d u c e  c o r r e c t i o n s  O 0  and reduce  t h e  o v e r a l l  
l i n e - o f - s i g h t  e r r o r  t o  E. The s i g n a l  V t o  t h e  c o n t r o l  e l e c t r o n i c s  i s  r e l a t e d  
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t o  the a c t u a l  po in t ing  e r r o r  through the  s c a l e  f a c t o r  K and hence i n d i c a t e s  
the a c t u a l  r e s i d u a l  po in t ing  e r r o r .  Thus the recorded s i g n a l  OR con ta ins  
an e r r o r  component 
L 
represent ing  a c t u a l  po in t ing  e r r o r ,  
This i s  r e l a t e d  by an  amount 1 + K(s)  t o  the  a c t u a l  d i s tu rbances  wi th  which 
an amplitude and phase comparison i s -  then poss ib l e .  This  s t r a igh t fo rward  
procedure i s  complicated by the  presence of no i se  i npu t s  f o r  which any r e -  
s u l t i n g  @ components a r e  e r r o r s .  Noise components a t  low frequency can Q produce significant e r r o r s  (Oo motions) without  apprec iab le  monitored v o l t -  
ages ( V ) :  i . e . ,  
8 
0 
Q 
-
A 0 KG ( s )  
= 3- = -..A 8 
n o i s e  i n  1 + lrs,(s)= 
when KG ( s )  > > 1 
v - A v 
- - -  
K 1 
8 
m- 
n o i s e  ein - 1 + KG . ( s )  . G ( s )  
Hence, noise-induced e r r o r  i s  n o t  accompanied by a p ropor t iona l ly  r e l a t e d  
s i g n a l  V t o  the record ing  e l e c t r o n i c s  a s  i n  the case  of a c t u a l  v e h i c l e  po in t -  
ing e r r o r s .  However, an approach f o r  determining no i se  e r r o r s  i s  poss ib l e  
provided the no i se  spectrum i s  of known shape. For  the case  of white  no i se  
(which i s  usua l ly  encountered),  the rms va lue  of fjR can be used t o  determine 
the no i se  per  r o o t  cyc l e  s i n c e  the e f f e c t i v e  no i se  bandwidth of KT (3) /1 + KG (9) 
i s  determinable.  The va lue  so  obtained can then be used t o  i n f e r  tile no i se  
e r r o r  i n  the system whose response i s  KG ( s ) / l  + KG (a) and whose equ iva l en t  
no i se  bandwidth i s  Fs. Consider the  output  power spectrum $ of a f i l t e r  
which has  a white o r  f l a t  i npu t  power spectrum Gin. The r e l a t i o n s h i p  between 
the  specera  i s  determined by the  f i l t e r  t r a n s f e r  func t ion  H ( W ) ;  i . e . ,  
* 
@ o = H(w) H(w) 'in 
where the  * des igna tes  the  complex conjugate .  The rms output  s i g n a l  go can be 
expressed as  
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For t he  s p e c i a l  case  where @ i s  f l a t  over the frequency range where H i s  i n  
s i g n i f i c a n t ,  the  foregoing express ion  reduces t o  l w) 
--.. . 
eo 1 
r m s  , 
- m 
where the  f i r s t  r a d i c a l  f o r  p re sen t  purposes r ep re sen t s  t he  random i n p u t  n o i s e  
component i n  equ iva l en t  arc-seconds r m s  per  roo t  Hz and the  term under the 
* 
second r a d i c a l  r ep re sen t s  the f i l t e r ' s  equ iva l en t  no i se  bandwidth i n  r o o t  Hz. 
A se rvo  wi th  open loop c h a r a c t e r i s t i c  KG . i s )  (Figure 209b) w i l L  respond t o  no i se  
i npu t s  a s  determined by the  express ion  . 
KG ( 5 )  
c losed  loop response = 1 + Kd i a )  
when u n i t y  feedback e x i s t s  ( r e f e r  t o  F igure  2 0 9 ~ ) .  The equ iva l en t  no i se  band- 
width FS can be determined a s  i nd ica t ed  by the preceding express ions  and used 
t o  ob ta in  the rms po in t ing  e r r o r  from 
QO 1 = - '231 Qin - / P ~  
no i se  
On the o the r  hand, the noise- induced rms va lue  of 8 i s  e x p r e s s i b l e  a s  R 
- . -- i 
eR 1 = 2' sin - JFT 
no i se  
where E i s  the equ iva l en t  n o i s e  e r r o r  determined from the  0 t r a n s f e r  func- T R 
t i o n  HR ( r e f e r  t o  F igure  209c and d) . 
Hence the  est imated va lue  of noise-induced poin t ing  e r r o r  i s  simply expres s i -  
b l e  as :  
In '- 
001 = 0,I 
/> 
n o i s e  no i se  T 
The problem with t h i s  approach i s  t h a t  the recorded s i g n a l  may con ta in  s i g n i f i -  
c a n t  low frequency e r r o r  components a r i s i n g  from dis turbances  . These w i l l  
l e ad  t o  erroneously increased  va lues  f o r  noise-induced po in t ing  e r r o r ,  un l e s s  
the  troublesome low frequency components a r e  s u f f i c i e n t l y  a t t enua ted  by shaping 
T (s) t o  have a bandpass c h a r a c t e r i s t i c  ( r e f e r  t o  Figure 209e). 
. . 
* The r e s u l t i n g  equ iva l en t  no i se  bandwidth, ENBW, i s  based on a  double-sided 
spectrum and thus i s  twice t h a t  obtained when a  s i n g l e - s i d e d  spectrum i s  assumed. 
1-412 
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The i n f l i g h t  tracirig accuracy of S t ra toscope  11 evalua ted  by the  foregoing 
methods was found t o  be between 0.015 and 0.05 arc-second rms when t r ack ing  
wi th  guide  s t a r  images between 0 .5  and 2.0 arc-seconds i n  diameter .  More- 
over, i t  was es t imated  t h a t  the  poin t ing  p r e c i s i o n  wi th  good q u a l i t y  images 
would be improved by a  f a c t o r  of a t  l e a s t  2 .5.  In spec t ion  of the  photo- 
g raph ic  images wi th  a  microscope and with a  microdensitometer revea led  de- 
t a i l s  between 0.06 and 0 . 1  arc-second i n d i c a t i n g  t h a t  po in t ing  accuracy must 
have been a t  l e a s t  a s  p r e c i s e  ( r e f e r  t o  F igure  219 .and 211), Microdensitometer s l i t  
scans of the  photographic nega t ives  were a l s o  made t o  determine the  s c a l e  
f a c t o r  of the guide  s t a r  po in t ing  e r r o r  sensor .  This was then used t o  d e t e r -  
mine the  poin t ing  e r r o r  from s i g n a l s  monitored by the redundant guide s t a r  
sensor .  F igure  210shows a  r ep re sen ta t ive  nega t ive  from which the  s l i t  s can  
r e s u l t  of Figure 212was obtained.  F igure213 i s  a  t r a c e  of the s i g n a l  a s  
monitored during t h i s  exposure. The rms e r r o r  i s  determined a s  shown once 
the s c a l e  f a c t o r  i s  obtained by i n t e g r a t i n g  the  s l i t  scan  r e s u l t  and e s t ima t -  
ing the  s lope  a t  the  c e n t e r  of the  r e s u l t i n g  curve ( r e f e r  t o  F igure  212). 
Since the  s c a l e  f a c t o r  i s  33.5 v o l t s  per  arc-second f o r  d i f f r a c t i o n - l i m i t e d  
images, then  the  a c t u a l  s c a l e  f a c t o r  i s  e x p r e s s i b l e  as  
.-.. 
33.5 vdc i Actual  Slope J arc-second Diff  ract ion-Limi ted  Slope J 
The t racking  e r r o r s  s o  determined were found t o  agree wi th in  a  f a c t o r  of about 
2 with t h e  r e s u l t s  from a n a l y s i s  of the  a c t u a l  guidance sensor  s i g n a l s .  Closer  
agreement could be expected had d i f f r a c t i o n - l i m i t e d  images been a v a i l a b l e .  
Since a l l  present  LTEP modules involve  guide s t a r  image s p l i t t e r s  f o r  genera t -  
i n g  e r r o r  s i g n a l s ,  po in t ing  assessment can be  accomplished by a n a l y s i s  of such 
s i g n a l s .  'Corrobora t ion  f o r  t h e  r e s u l t s  i n  t h e  c a s e  of t he  imagery modules ( C  
and F) can b e s t  be accomplished by a n a l y s i s  of t h e  f i n a l  photos. I n  t h e  cases  
of t h e  Rowland C i rc l e  spectrometer ,  s u b s t a n t i a t i o n  of r e s u l t s  can be obtained 
by observing and ana lyz ing  t h e  l i g h t  l e v e l  f l u c t u a t i o n s  a t  a f ixed  wavelength. 
(Information regard ing  t h e  r e l a t i o n s h i p  between mispoin t ing  and f l u c t u a t i o n s  i s  
presented(e1sewhere i n  t h i s  r epo r t )  i n  t h e  s e c t i o n  dea l ing  wi th  po in t ing  accuracy 
requirements;  In  t h e  Rowland c i r c l e  instrument ,  ope ra t ion  with t h e  t a r g e t  s t a r  
image i n t e r s e c t e d  by one edge of t h e  en t rance  s l i t  w i l l  a ccen tua t e  t h e  f l u c t u a t i o n s  
due t o  po in t ing  e r r o r s .  This  condi t ion  w i l l  ease  t h e  t a s k  of po in t ing  assessment 
by inc reas ing  t h e  s ignal- to-"noise i n  s igna l "  r a t i o  f o r  t h e  l i g h t  l e v e l  sensor  
and, i n  add i t i on ,  by l i n e a r i z i n g  t h e  r e l a t i o n s h i p  between e r r o r  and sensed s i g n a l .  
Under such circumstances,  i t  should be noted, t h e  spectrograph ope ra t e s  i n  e f f e c t  
a s  an  independent s ingl .2-axis  t r a c k i n g  e r r o r  monitor.  
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EXPpERWEm NO. - OFF-AXIS TELESCOPE PERFORMANCE 
(Deleted - Refer t o  OTES In te r im Report* f o r  Addi t iona l  D e t a i l s )  
DEFORMATION OF OUTER 
OF SECONPARY MIRROR 
LY AFFECT OFF AXIS IMAGE 
LIGblT FROM TWO 
STARS SEPARATED BY 
UP PO 15 ARC SECONDS 
FF-4x1s IMAGE 
QUALITY MEASURED 
PUOTOGRAPH\CALLY 
Figure  214. Telescope Geometry 
A l a rge-aper ture ,  space o p t i c a l  t e lescope  must have e x c e l l e n t  o f f - ax i s  perform- 
ance a s  we l l  a s  on-axis  performance. This  i s  necessary s i n c e  t h e  guide s t a r s  
used t o  s t a b i l i z e  t h e  l i n e  of s i g h t  f o r  t he  te lescope  w i l l  n o t  be on-axis,  and 
i t  i s  these  dim guide  s t a r s  which a r e  used t o  keep the  te lescope  poin t ing  a t  
t he  t a r g e t  of i n t e r e s t .  
Therefore,  t he  o b j e c t i v e  of t h i s  experiment was t o  measure the  o f f - a x i s  perform- 
ance of t he  astronomical  te lescope  by analyzing images a t  s e v e r a l  po in t s  i n  t h e  
f o c a l  plane.  While photographs might be taken of t h e  magnified image, t h i s  i s  
a  d i f f i c u l t  t a sk  f o r  a  l a rge  te lescope  on s t a t i o n  i n  space. 
This experiment was removed from f u r t h e r  cons ide ra t ion  as  a  recommended expe r i -  
ment because the  s i g n i f i c a n c e  of the r e s u l t s ,  when obtained, would no t  be com- 
parable  wi th  the  importance of t he  o the r  recommended experiments.  
* 
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EXPERIMENT NO. 11 - RADIATION NOISE EFFECTS ON DETECTORS I N  POINTING LOOPS 
,'c (Deleted-A recen t ly - r epor t ed  research  p ro j ec t  sponsored by NASA under con t r ac t  
NAS 7-100 proves t h a t  r e l a t i v e l y  l i t t l e  can be done t o  opt imize t h e  s igna l - to -  
no ise  i n  t h e  f ace  of r a d i a t i o n  no i se  beyond simple pu l se  and he ight  c l i pp ing .  
For t h i s  reason, t he  experiment i s  de l e t ed . )  
ALTITUPE 
, Tdc 
SATELLITE 
15 MILES 
RESULTS OBTAINED 
WITH 
STRATOSCOPE 1 
r SEA LEVEL I 
** Pulse-height-versus-frequency measurements on S20-type photomul t ip l ie r  tubes 
i n d i c a t e  t h a t  both DC dark c u r r e n t  and anode pu l se s  of h igh  amplitude a r e  i n -  
c reased  wi th  opera t ing  a l t i t u d e  i n s i d e  the  E a r t h ' s  atmosphere. It i s  sus-  
pected t h a t  these  inc reases  a r e  a t t r i b u t a b l e  t o  cosmic r a  s  ( o r  t he  secondary 
r a d i a t i o n  caused by cosmic r ays ) .  Ground t e s t s  w i th  a  CoBo rad ioac t ive  source  
have y i e lded  pulse-height-versus-frequency curves wi th  changes very s i m i l a r  
t o  those caused by opera t ion  a t  increased  a l t i t u d e .  While t he  amount of DC 
c u r r e n t  i nc rease  was modest, t h e  no i se  i n  t h i s  a d d i t i o n a l  component appeared 
s i g n i f i c a n t l y  h igher  than p red ic t ed  by S c h o t t n o i s e  theory .  This was due t o  
the  presence of very inf requent ,  y e t  unusual ly h igh  magnitude, anode pu l se s .  
The ob jec t ive  of t h i s  experiment would be t o  o b t a i n  s i m i l a r  data ,  f o r  one o r  
more photosensors,  corresponding t o  s a t e l l i t e  environments. The motivat ion 
f o r  the  experiment i s  simply t h a t  such noise  could s e v e r e l y  degrade t r ack ing  
performance i n  a  space o p t i c a l  system, 
This experiment, i f  performed i n  space, would be an economic t r a d e  with simu- 
l a t i o n  of the  r a d i a t i o n  environmental condi t ions  expected i n  space. The space 
da t a  c o l l e c t e d  can be used t o  p r e d i c t  the degradat ions of photosensor perform- 
ance t o  be expected a s  a  func t ion  of sh i e ld ing  techniques.  For example, t he  
ysis-%x; Optimum Use b'f Photomul t ip l ie rs .  
Applied Optics,  Vol. 8, No. 12, December 1969, pp, 243102447. 
** 
Performed on t h e  S t ra toscope  T'b P r o & h ' a t  a l t i t u d e s  l e s s  than 100,000 f e e t .  
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type of d a t a  t h a t  could be developed during the  conduct of  t h i s  experiment i s  
i l l u s t r a t e d  i n  the  ske t ch  shown i n  ~ i ~ u r e 2 1 6 ,  The block diagram necessarg 
t o  implement t h i s  experiment i s  shown i n  Figure 2 1 7 .  
The information obtained would be of s i g n i f i c a n t  value from both the  communi- 
c a t i o n  and the  t racking  s t andpo in t s .  Cor re l a t ion  between the  pulse  ana lyzer  
and r a d i a t i o n  monitoring equipment measurements would lead  t o  a  b e t t e r  under- 
s tanding  of the  phenomena involved and poss ib ly  the  use of p r e s e n t l y  a v a i l a b l e  
r a d i a t i o n  d a t a  i n  photosensor output  no i se  c a l c u l a t i o n s .  Photosensor design 
changes and sh i e ld ing  techniques t o  ob ta in  g r e a t e r  r a d i a t i o n  immunity could 
in f luence  the  design of f u t u r e  te lescopes  f o r  astronomy as  wel l  a s  deep-space 
l a s e r  communication systems. 
On t h e  Ground I n  Space 
@ Computer ( t o  supply da t a  on 
s a t e l l i t e  p o s i t i o n  versus  
time) 
@ Data s to rage  ( f o r  d a t a  t r a n s -  
mi t t ed  from s a t e l l i t e )  
@ Pulse he igh t  a n a l y s i s  
equipment 
@ Data s t o r a g e  c a p a b i l i t y  
@ Time reference  
@ Light  source(s )  
@ Radia t ion  monitoring 
equipment 
The r a d i a t i o n  noise  induced i n  photosensors opera t ing  a t  low l i g h t  l e v e l s  can 
c r i t i c a l l y  a f f e c t  t h e  performance of po in t ing  and t r ack ing  loops and t h e  
d e t e c t o r s  used f o r  o p t i c a l  communications experiments.  Experiment No. 11 is 
designed t o  measure the  pulse  he ight  d i s t r i b u t i o n  from a v a r i e t y  of phntosensors 
and i s  i l l u s t r a t e d  i n  F igures  216 and 217. I n  add i t i on  t o  t h e  amplitude d i s t r i -  
but ion,  t h e  temporal s t a t i s t i c s  of t h e  r a d ~ a t i o n - i n d u c e d  noise  should a l s o  be 
measured s i n c e  t h i s  can in f luence  t h e  e r r o r  c h a r a c t e r i s t i c s  of an  o p t i c a l  
communication channel.  
Of equal  importance t o  o p t i c a l  technology i s  t h e  d e l e t e r i o u s  e f f e c t s  of high 
r a d i a t i o n  f i e l d s  on the  o p t i c a l  components requi red  f o r  o p t i c a l  t racking ,  
imaging, and communications experiments.  Ear th  s imula t ion  experiments can be 
performed t o  e s t ima te  t h e  e f f e c t s  of t h e  Van Allen r a d i a t i o n  b e l t s  by bombarding 
samples w i th  high energy e l e c t r o n s  and protons,  but  t he  i n t e g r a t e d  e f f e c t  of 
t he  long-kerm exposure t o  tHe Van Allen b e l t  environment i s  b e s t  performed by 
------:mnnt i n  qnace, 
Average 
Number of 
Counts per  
Minute i n  
Each Pulse  
Height 
I n t e r v a l  
(Log Sca le)  
M 
1 
C 
PJ 
b3 
\ 
I (A) Reference Curves Obtained a t  Sea Lev 
\ /'\ ( h d  Radiat ion Conditions) 
Pulse  
Pulse  Height I n t e r v a l  #18 H 
Figme ?216. Type of Data Expected f o r  Radiat ion E f f e c t s  
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iE3lgERIMEW NO. 12 - MIRROR-FIGURE MEASUR TS CORRISEATED WITH NUMEROUS 
T m a T U R E  SENSORS 
AL 18 EXTERNAL 
MIRROR FIGURE 
SENSOR 
SPACE 
DEVELOP BETTER 
I 1 ANALYTICAL MODEL 
OF  PRIMARY 
TUERMAL ELASTIC 
ANALYTICAL MODEL OF 
PRIMARY MIC1176P WE MMATIOAI5 
F i g u r e  218. Thermal End F i g u r e  Data P r o c e s s i n g  
Exper iment  Obi e c t i v e  
The o b j e c t i v e  o f  t h i s  experiment i s  t o  v e r i f y  t h a t  t h e  t empera tu re  d i s t r i b u -  
t i o n s  assumed i n  t h e  the rmal  d e s i g n  (and s i m u l a t e d  d u r i n g  t h e  e a r t h - b a s e d  
env i ronmenta l  t e s t s )  a r e  a c t u a l l y  r e a l i z e d  i n  s p a c e  o p e r a t i o n .  
F u t u r e  l a r g e - a p e r t u r e  space  t e l e s c o p e s  must m a i n t a i n  d i f f r a c t i o n - l i m i t e d  per -  
formance i n  t h e  s p a c e  the rmal  environment.  I n  o r d e r  t o  a s s e s s  t h e  e f f e c t  o f  
t h e  the rmal  environment,  w i t h  v a r y i n g  the rmal  g r a d i e n t s  on m i r r o r  performance,  
i t  i s  n e c e s s a r y  t o  e s t i m a t e  t h e  expec ted  range  of o p e r a t i n g  t e m p e r a t u r e s ,  a s  
w e l l  a s  t h e  l a t e r a l  and l o n g i t u d i n a l  t h e r m a l  d i s t r i b u t i o n s .  The s a t e l l i t e  
c a p s u l e  i t s e l f  i s  o f t e n  exposed t o  t h e  d i r e c t  r a y s  of t h e  sun on one s i d e  
and t o  t h e  c o l d  o f  s p a c e  on t h e  o t h e r ,  The expec ted  t e m p e r a t u r e  h i s t o r y  
a l s o  i n v o l v e s  r a d i a t i v e  i n t e r a c t i o n  w i t h  t h e  e a r t h  a s  w e l l .  I n  space  a p p l i c a -  
t i o n s  i n v o l v i n g  o p e r a t i o n  i n  a  vacuum, t e m p e r a t u r e  g r a d i e n t s  assume s u b s t a n t i a l  
p r o p o r t i o n s  i n  t h e  absence  of t h e  e q u a l i z i n g  e f f e c t s  o f  convec t ion  c u r r e n t s  
which e x i s t  a t  normal a tmospher ic  p r e s s u r e s .  
\ 
It i s ,  t h e r e f o r e ,  impor tan t  t o  v e r i f y  e x p e r i m e n t a l l y  i f  t h e  t e m p e r a t u r e  d i s t r i -  
b u t i o n s  assumed i n  t h e  the rmal  d e s i g n  (and s i m u l a t e d  d u r i n g  t h e  e a r t h - b a s e d  
env i ronmenta l  t e s t s )  a r e  a c t u a l l y  r e a l i z e d  i n  space  o p e r a t i o n .  These e a r t h -  
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based t e s t s  c o n s i s t  o f  super imposing c o n t r o l l e d  t e m p e r a t u r e  d i s t r i b u t i o n s  on 
t h e  pr imary m i r r o r  of t h e  space  t e l e s c o p e  and c o r r e l a t i n g  t h i s  i n f o r m a t i o n  
w i t h  measurements of primary m i r r o r - f i g u r e  e r r o r .  
Th i s  exper iment  w i l l  a l l o w  v e r i f i c a t i o n  of t h e  t h e r m a l  e l a s t i c  a n a l y t i c a l  
models f o r  t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  and pr imary m i r r o r  de format ions  
a s  w e l l  a s  v e r i f i c a t i o n  of t h e  ea r th -based  the rmal  s i m u l a t i o n  t e s t s .  
T h i s  spaceborne exper iment  w i l l  c o n s i s t  of m o n i t o r i n g  t h e  o p e r a t i n g  tempera-  
t u r e  d i s t r i b u t i o n s  and f i g u r e - e r r o r  d e v i a t i o n s  o f  t h e  primary m i r r o r .  T h i s  
data  w i l l  t h e n  b e  encoded f o r  r e a l - t i m e  r e t u r n  t r a n s m i s s i o n  t o  e a r t h  f o r  
d a t a  p r o c e s s i n g  and  c o r r e l a t i n g  w i t h  r e s u l t s  of a n a l y t i c a l  the rmal  e l a s t i c  
models and e a r t h - b a s e d  environmental  s i m u l a t i o n  t e s t s  of primary m i r r o r  
deformat ions .  
T h i s  exper iment  w i l l  p rov ide  u s e f u l  e m p i r i c a l  d a t a  on t e m p e r a t u r e  d i s t r i b u t i o n s  
t h a t  w i l l  have d e l e t e r i o u s  e f f e c t s  on t h e  d i f f r a c t i o n - l i m i t e d  pr imary m i r r o r  
performance.  
On t h e  S p a c e c r a f t  On E a r t h  
o Primary m i r r o r  w i t h  e x t e r n a l  and e Telemetry  r e c e i v e r  
i n t e r n a l  t e m p e r a t u r e  s e n s o r s  
e Data r e c o r d i n g  and p r o c e s s i n g  
e Mirror  f i g u r e  s e n s o r  and scanner  and s p e c i a l  d i s p l a y  equipment 
gea l - t ime  d a t a  t r a n s m i s s i o n  t o  e a r t h  
A f l i g h t  program such a s  t h e  one proposed i n  Experiment No. 12 must be p receded  
by an  exper imenta l  ground program t o  p rov ide  t h e  b a s i s  f o r  e v a l u a t i n g  t h e  d a t a  
t h a t  would r e s u l t  from t h e  s p a c e c r a f t -  Th i s  program i s  d i s c u s s e d  i n  d e t a i l  i n  
t h e  c h a p t e r  on Non-Space Experiments.  
Although i t  i s  beyond t h e  scope of t h e  p r e s e n t  phase of t h e p r o g r a m  t o  do 
t h e  a p p r o p r i a t e  ground t e s t i n g ,  Perkin-Elmer h a s  performed the rmal  vacuum 
t e s t i n g  of a l a r g e ,  32-inch e g g c r a t e  f u s e d  q u a r t z  m i r r o r o  P r i n c e t o n  U n i v e r s i t y  
made a v a i l a b l e  t h e  OAO program m i r r o r  t o  e v a l u a t e  t h e r m o e l a s t i c  de format ion  
behavior .  I n  a d d i t i o n  t o  t h e  c o n t r o l l e d  the rmal  de format ion  work, Perk in -  
Elmer has  conducted t h e  a n a l y t i c a l  work t h a t  i s  n e c e s s a r y  t o  c o n s t r u c t  mathe- 
m a t i c a l  models which w i l l  e s t a b l i s h  t h e  magnitude of t h e  f i g u r e  de format ions  
r e s u l t i n g  when nonsymmetrical  the rmal  g r a d i e n t s  a r e  a p p l i e d ,  T h i s  work i s  
d i s c u s s e d  i n  s u f f i c i e n t  d e t a i l  i n  t h e  OTES Report ,  Perkin-Elmer Engineer ing  
Report  No, 8900. 
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EXPERIMENT NO. 13 - TELESCOPE ALIGhBlEbKC MEASURMENTS CORRELATED WITH 
NUMEROUS TEMPERATURE SENSORS 
@ TEMPERATURE SENSORS 
PRIMARY MIRROR 
F i g u r e  219. Thermal and Alignment Data P r o c e s s i n g  
The o b j e c t i v e  of t h i s  exper iment  i s  t o  measure t h e  t empera tu re  a t  c r i t i c a l  
l o c a t i o n s  of t h e  t e l e s c o p e  s t r u c t u r e  and s u p p o r t i n g  o p t i c a l  subsystems. Tem- 
p e r a t u r e  d a t a  o r i g i n a t i n g  from t h e  pr imary/secondary t e l e s c o p e  s t r u c t u r e  can 
be compared t o  t h e  o u t p u t s  of t h e  secondary m i r r o r  p o s i t i o n i n g  c o n t r o l  system. 
Temperature v a r i a t i o n s  l e a d i n g  t o  d i f f e r e n t i a l  expansion o r  c o n t r a c t i o n  of 
v a r i o u s  p o r t i o n s  o f  t h e  t e l e s c o p e  s t r u c t u r e  w i l l  cause  misal ignment  o f  t h e  o p t i c s o  
T h i s  may be caused by i n c l u s i o n  o f  m a t e r i a l s  o f  d i f f e r e n t  c o e f f i c i e n t s  o f  
expansion,  by t e m p e r a t u r e  d i f f e r i n g  from p o i n t  t o  p o i n t ,  o r  by a combinat ion 
of both .  
T h i s  exper iment  p r o v i d e s  measured d a t a  from space  equipment f o r  d i a g n o s t i c  
e v a l u a t i o n  o f  t h e  t e l e s c o p e  po in t - to -po in t  the rmal  d i s t r i b u t i o n s ,  The meas- 
u r e d  t empera tu res  a r e  c o r r e l a t e d  i n  both  magni tude and l o c a t i o n  w i t h  a l ignment  
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d e s i g n  requ i rements  and a l ignment  measurements. F u t u r e  l a r g e  o r b i t i n g  
t e l e s c o p e s  w i l l  be dependent  upon e x p e r i m e n t a l l y  v e r i f i e d  d e s i g n  v a l u e s  f o r  
a l ignment  d e v i c e s .  
Te lescope  s t r u c t u r e  d e s i g n  changes t o  o b t a i n  g r e a t e r  immunity t o  t h e  s p a c e  
t h e r m a l  environment cou ld  be  one p o t e n t i a l  outcome of  t h e  e x p e r i m e n t a l  r e s u l t s .  
On t h e  S p a c e c r a f t  On t h e  E a r t h  
@ Temperature s e n s o r s  @ Telemet ry  r e c e i v e r  
@ Secondary m i r r o r  p o s i t i o n i n g  c o n t r o l  @ Data s t o r a g e  
sys tem 
Te lemet ry  t r a n s m i t t e r  
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M'ERTMENT NO. 14 E F F E C T S  O F  EARTHSHINE ON MIRROR F I G U R E  
EARTYSUING AND 
BLACK BOP\( 
RADIATION 
, 
F i g u r e  220.  Thermal Data P r o c e s s i n g  
The o b j e c t i v e  of t h i s  exper iment  i s  t o  o b t a i n  e x p e r i m e n t a l  v e r i f i c a t i o n  of 
pr imary m i r r o r  f i g u r e  e r r o r s  and deformat ions  a s  a  f u n c t i o n  of t h e  e a r t h s h i n e  
and e a r t h  s e l f - e m i s s i o n  i n p u t  t o  t h e  primary m i r r o r ,  For  t h i s  exper iment ,  
t h e  t e l e s c o p e  i s  o r i e n t e d  ea r thward  such t h a t  a l l  o r  p a r t . o f  t h e  primary 
m i r r o r  i s  s u b j e c t e d  t o  e a r t h s h i n e  r a d i a t i o n .  The r e s u l t i n g  change i n  f i g u r e  
i s  t h e n  monitored.  The t empera tu re  s e n s o r s  on t h e  primary (Experiment No. 12)  
and t h e  o r i e n t a t i o n  and i n t e n s i t y  of t h e  e a r t h s h i n e  and r a d i a t i o n  a r e  moni- 
t o r e d  a l s o .  
E a r t h s h i n e  and se l f -emiss ion ,  which a r e  i n c i d e n t  on  t h e  primary m i r r o r y  can 
i n t r o d u c e  s i g n i f i c a n t  primary f i g u r e  e r r o r s  which depend upon a p e r t u r e  and 
a l t i t u d e .  S p e c i a l  o f f - p o i n t i n g  o r  t e l e s c o p e  capping would b e  r e q u i r e d  t o  
keep t h e  e a r t h ' s  image o u t  o f  t h e  f i e l d  of view of  t h e  t e l e s c o p e  f o r  t h e s e  
c a s e s  of t h e  e a r t h  o c c u l t i n g  t h e  t a r g e t  s t a r  o r  p l a n e t .  
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2  A t  260-mile a l t i t u d e s ,  t h e  maximum e a r t h s h i n e  i s  481 wa t t s /m , Assuming a 
m i r r o r  r e f l e c t i v i t y  of 95 p e r c e n t ,  t h e  a d d i t i o n a l  h e a t  f l u x  from e a r t h s h i n e  
i n c i d e n t  on t h e  m i r r o r  i s ,  t h u s ,  24 W/m2. T h i s  energy cor responds  t o  a 75-watt  
i n p u t  f o r  a  2-meter a p e r t u r e ,  which i s  enough t o  c a u s e  a  t e m p e r a t u r e  g r a d i e n t  
i n  t h e  m i r r o r ,  The long t h e r m a l  t ime  c o n s t a n t s  expec ted  i n  t h e  p r imary  m i r r o r  
a r e  n o t  compat ib le  w i t h  t h e  1-112 hour  c y c l e  between t h e  maximum and minimum 
of  e a r t h s h i n e ,  Thus,  t r a n s i e n t  t h e r m a l  measurements a r e  r e q u i r e d  t o  d e t e r m i n e  
how d e t r i m e n t a l  e a r t h s h i n e  i s  t o  a  l a r g e  primary (3-meter)  m i r r o r  f i g u r e  a t  
v a r i o u s  p r o s p e c t i v e  a l t i t u d e s .  I f  t h e  e a r t h s h i n e  c r e a t e s  s i g n i f i c a n t  m i r r o r  
e r r o r s ,  t h i s  exper iment  w i l l  h e l p  d e f i n e  p r o p e r  o p e r a t i n g  p r o c e d u r e s  f o r  t h e  
MOAT t e l e s c o p e  v iewing  s t a r s  n e a r  t h e  e a r t h  d i s k .  The exper iment  w i l l  p r o v i d e  
u s e f u l  d a t a  f o r  l a r g e - a p e r t u r e  t e r r e s t r i a l  and p l a n e t a r y  r e c o n n a i s s a n c e  sys tems .  
Bas ic  Experiment Hardware 
T h i s  exper iment  r e q u i r e s  t h e  d a t a  o u t p u t s  from t h e  f i g u r e  s e n s i n g  equipment 
(Experiment No. I ) ,  t h e  t e m p e r a t u r e  m o n i t o r i n g  sys tem (Experiment No. 1 2 ) )  
and a n  e a r t h s h i n e  measur ing d e v i c e  l o c a t e d  a t  t h e  f r o n t  o f  t h e  t e l e s c o p e .  A 
s imple  d e v i c e  would c o n s i s t  of a  s e n s i t i v e  bo lomete r  mounted a t  t h e  f o c u s  of 
a  s m a l l  l e n s  i n  a  t e l e s c o p e  t u b e ,  which i s  a  scaled-down v e r s i o n  of t h e  main 
t e l e s c o p e  tube .  T h i s  a l l o w s  t h e  bolometer  t o  r e c e i v e  r a d i a t i o n  from t h e  same 
f i e l d  o f  v iew a s  t h e  main t e l e s c o p e .  The t o t a l  r a d i a t i o n  i n c i d e n t  on t h e  
pr imary m i r r o r  from v a r i o u s  s o u r c e s  can then  b e  moni to red  and t r a n s m i t t e d  
t o  t h e  ground. 
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PE his exper iment  shou ld  be c a r r i e d  o u t  a s  a  piggyback o r  a  s y n c h r o n o u s - o r b i t  
s a t e l l i t e  .)' 
SOLAR FLARE 
ADlATlON UlGH MICROMETEORITES 
ENERGY PROTONS 
MEASUREMENTS OF SURFACE PITTING DISCOLORATION 
FLUORESCENCE DIELECTRIC COATING BETERIORATION 
at=, TELEMETE~EV BACU TO EARTH. 
F i g u r e  221. Space and R a d i a t i o n  E f f e c t s  on O p t i c a l  Elements 
The d e s i g n  and i n s t r u m e n t a t i o n  f o r  o p t i c a l  sys tems o p e r a t i n g  i n  a  s p a c e  
environment r e q u i r e s  e x t e n s i v e  d a t a  on t h e  space  environment  and knowledge 
a b o u t  t h e  e f f e c t s  t h e  environment h a s  upon t h e  performance of t y p i c a l  
o p t i c a l  components, i n  o r d e r  t o  a s s e s s  t h e  e f f e c t  o f  t h e  s p a c e  environment 
upon sys tem performance,  Although a  w e a l t h  o f  i n f o r m a t i o n  h a s  been o b t a i n e d  
a b o u t  t h e  space  environment i n  t h e  p a s t  decade,  and  a  c l e a r e r  p i c t u r e  o f  t h e  
s p a c e  environment i s  b e g i n n i n g  t o  emerge, p r e s e n t l y  a v a i l a b l e  knowledge 
and i n f o r m a t i o n  a r e  n o t  s u f f i c i e n t  f o r  t h e  purpose  of  s p a c e  o p t i c s  
i n s t r u m e n t a t i o n .  
The i n f o r m a t i o n  a v a i l a b l e  a t  t h i s  t i m e  \about t h e  e f f e c t s  of s o l a r  f l a r e s ,  
f o r  example, on t h e  space  environment iPt- t h e  o u t e r  l a y e r  of  t h e  magnetosphere  
i s  n o t  s u f f i c i e n t  and a  s p a c e  v e h i c l e  i n  synchronous o r b i t  would pass  t h r o u g h  
t h i s  r e g i o n .  
+c Sampe, : The E f f e c t s  of Space Environment on M a t e r i a l s .  1 1 t h  N a t i o n a l  
Syrnpos ium and E x h i b i t ,  Apri 1, 1967. 
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I n  t h e  a r e a  of i n v e s t i g a t i o n  on t h e  m a t e r i a l  damage by t h e  space  environment ,  
c e r t a i n  components of t h e  space  environment have been s i m u l a t e d  i n  the  
l a b o r a t o r y  and t h e  m a t e r i a l  damage due t o  such components a s  mic rometeoro ids ,  
h igh  energy bombardment and Y - r a y  r a d i a t i o n  h a s  been i n v e s t i g a t e d .  Jc 
However, t h e  t o t a l  cumula t ive  e f f e c t s  which t h e  combinat ion of t h e s e  damaging 
components and many o t h e r  components o f  t h e  space  environment  have upon t h e  
m a t e r i a l s  a r e  no t  p o s s i b l e  t o  e v a l u a t e .  Consequently,  t h e  f a c t  t h a t  i t  i s  
d i f f i c u l t  i f  no t  i m p o s s i b l e  t o  s i m u l a t e  t h e  space  environment  p o i n t s  t o  t h e  
need t o  pe r fo rm t h e  env i ronmenta l  t e s t i n g  of c r i t i c a l  o p t i c a l  components i n  t h e  
s p a c e  environment .  
Environmental  t e s t i n g  h a s  a l r e a d y  been performed on sample m i r r o r  s u r f a c e s  
9c>k 
and c o a t i n g s  i n  t h e  ATS-C s e r i e s .  The s p e c i a l t y  f l i g h t  exper iment  d i s c u s s e d  
h e r e  i s  t o  conduct space  environment t e s t i n g  on t r a n s m i t t i n g  m a t e r i a l s  
and c o a t i n g s  which would be  used f o r  l e n s e s ,  p a r t i a l l y  t r a n s m i t t i n g  m i r r o r s  
and f i l t e r s  i n  s p a c e  i n s t r u m e n t s .  
Although t h e  exper iment  i s  p r i m a r i l y  a n  env i ronmenta l  t e s t ,  t h e  p a r a m e t e r s  
o f  t h e  measurements i n  t h e  exper iment  w i l l  have s c i e n t i f i c  i n t e r e s t  a s  w e l l .  
The e x p e r i m e n t a l  package w i l l  b e  launched i n  synchronous o r b i t  f o r  t h e  p e r i o d  
of two y e a r s .  Dur ing t h e  f l i g h t ,  t h e  exper iment  w i l l  measure  t h e  t r a n s m i s s i o n  
of each sample m a t e r i a l  i n  t h e  s p e c t r a l  r ange  from 0 . 3 ~  t o  1 . 3 , ~  and t h e  measure- 
ment w i l l  b e  scanned w i t h  a  1 - p e r c e n t  s p e c t r a l  bandwidth.  I n  a d d i t i o n ,  t h e  
exper iment  w i l l  measure t h e  s u r f a c e  s c a t t e r  of each m a t e r i a l .  A f t e r  t h e  
f l i g h t  i s  over ,  t h e  package i s  r e t u r n e d  t o  t h e  e a r t h  and f u r t h e r  measurements 
a r e  t o  be  performed on t h e  ground. During t h e  f l i g h t  t h e  e x p e r i m e n t a l  d a t a  
a r e  s e n t  t o  t h e  ground s t a t i o n  th rough  a  communication channe l  a s  t h e  exper iments  
a r e  performed on command from t h e  ground s t a t i o n .  
The s i g n i f i c a n c e  of  t h e  s p e c t r a l l y  scanned t r a n s m i s s i o n  measurement and 
t h e  s u r f a c e  s c a t t e r  measurement i s  t h a t  they  a r e  c o n s i d e r e d  t o  be t h e  most  
impor tan t  p a r a m e t e r s  i n  o p t i c a l  sys tem d e s i g n .  I n  a d d i t i o n ,  t h e  t r a n s m i s s i o n  
i s  a f f e c t e d  c h i e f l y  by t h e  p e n e t r a t i n g  r a d i a t i o n s ,  and t h e  s u r f a c e  s c a t t e r  
i s  a f f e c t e d  c h i e f l y  by micrometeroid  bombardment and s p u t t e r i n g .  The e x p e r i -  
men ta l  r e s u l t s ,  t h e r e f o r e ,  c o n t a i n  a d d i t i o n a l  i n f o r m a t i o n  on t h e  s p a c e  
environment and i t s  f l u c t u a t i o n .  
Twenty sample m a t e r i a l s  a r e  p l a c e d  i n  a  c i r c u l a r  t r a y  a s  shown i n  F i g u r e s  222 
and 223. During t h e  experiment t h e  t r a y  r o t a t e s  i n  s t e p s ,  and a t  each s t e p  
one sample e n t e r s  i n t o  t h e  t r a n s m i s s i o n  measurement hous ing  and a n o t h e r  
Jc 
Goetzel ,  Clans  G. : Space M a t e r i a l  Handbook. 2nd E d i t i o n ,  January ,  1965. 
J< * 
Emerling,  R . ,  Holloway, J. : R e f l e c t o m e t e r  Experiment.  December 1967, C o n t r a c t  
NO.  NAS 5-9669. 
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Space Environment 
Figure 222 o Transmission and Scatter Meas'urFng $aet-&t 
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LAMP 
1, Lamp: Tungsten 3000°K 
2 .  W1: Rota t ing  Bandpass F i l t e r  
(C i r cu la r  Variable  F i l t e r )  
3 .  W 2 :  
Re f l ec t ive  Surf ace 
Transmission 
Motors Should be Synchronous Motors 
4 .  Wg: / Transmission 
Ref l ec t ive  Surface 
Transmission 
Figure  223 . O p t i c a l  Schematic, 
S c a t t e r  and Transmission 
Experiment 
5 .  F: At tenuator  70% 
6 .  S1,S2 : I n t e g r a t i n g  Sphere 
7 ,  Dl,  D2,  D3: Detec tors  
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sample i n t o  t h e  s c a t t e r o m e t e r .  The sample p r o p e r t i e s  w i l l  be measured d a i l y  f o r  
t h e  i n i t i a l  30 day p e r i o d  of  t h e  m i s s i o n  and measurements made on a  monthly  
b a s i s  t h e r e a f t e r  f o r  t h e  p e r i o d  of t h e  m i s s i o n .  One of t h e  sample placement  
h o u s i n g  c o n t a i n s  a beam s t o p  and a n  opening s o  t h a t  i n  each c y c l e  of  r o t a t i o n  
of t h e  sample t r a y  r e f e r e n c e  r e a d i n g s  of 0 -pe rcen t  and 100-percen t  t r a n s m i s s i o n  
f o r  t h e  c a s e  of t r a n s m i s s i o n  measurement and 0 - p e r c e n t  s c a t t e r  due t o  t h e  open ing  
f o r  t h e  c a s e  of t h e  s c a t t e r o m e t e r  a r e  o b t a i n e d  f o r  c a l i b r a t i o n  purposes .  The 
exper iment  package shown i n  F i g u r e  222 i s  e s t i m a t e d  t o  measure 2 0 x 2 0 ~ 2 0  i n c h e s  and 
weighs 20 l b ,  a p p r o x i m a t e l y ,  and i t  i s  t o  be mounted on t h e  s i d e  o f  t h e  space-  
c r a f t  such t h a t  a l l  excep t  two sample p o s i t i o n s  a r e  exposed t o  t h e  space  e n v i r o n -  
ment.  The beam from t h e  t u n g s t e n  lamp i s  chopped by t h e  r o t a t i n g  m i r r o r  W2 s o  
t h a t  t h e  beam i s  swi tched  between t h e  t r a n s m i s s i o n  measurement p a t h  and t h e  
s c a t t e r o m e t e r  p a t h .  
Transmiss ion  Measurement 
During t h e  i n t e r v a l  when t h e  beam i s  d i r e c t e d  t o  t h e  t r a n s m i s s i o n  measure- 
ment p a t h ,  t h e  image of_ t h e  t u n g s t e n  lamp e lement  i s  focused  o n t o  t h e  r o t a t i n g  
bandpass  E i l t e r  ( c i r c u l a r  v a r i a b l e  f i l t e r )  which h a s  a 1 -pe rcen t  s p e c t r a l  
bandwidth and whose bandpass  wavelength  v a r i e s  from 0 . 3 ~  t o  1.211 a s  t h e  f i l t e r  
r o t a t e s .  The o u t p u t  of  t h e  f i l t e r  i s  c o l l i m a t e d  and t h e n  t r a n s m i t t e d  th rough  
t h e  sample and t h e  t r a n s m i t t e d  beam i s  measured i n  t h e  i n t e g r a t i n g  s p h e r e .  
The i n t e n s i t y  of  t h e  t r a n s m i t t e d  beam i s  measured by t h e  d e t e c t o r s  which 
i n c l u d e  a  p h o t o m u l t i p l i e r  f o r  t h e  0 . 3 ~  t o  0 . 6 ~  r e g i o n  and a p i n  d i o d e  f o r  
t h e  0 . 6 ~  t o  1 . 2 ~  r e g i o n  i n  t h e  i n t e g r a t i n g  s p h e r e , a n d  i t s  e l e c t r i c a l  o u t p u t  
i s  sampled by t h e  e l e c t r o n i c  system. 
S c a t t e r o m e t e r  
During t h e  i n t e r v a l  when t h e  beam from t h e  t u n g s t e n  lamp i s  d i r e c t e d  t o  t h e  
s c a t t e r o m e t e r  p a t h  t h e  beam i s  chopped by t h e  r o t a t i n g  m i r r o r  W s o  t h a t  t h e  
beam i s  swi tched  a l t e r n a t i v e l y  t o  t h e  sample s u r f a c e  th rough  t h 2  i n t e g r a t i n g  
s p h e r e  and t o  t h e  i n n e r  s u r f a c e  o f  t h e  i n t e g r a t i n g  s p h e r e  th rough  a  70- 
p e r c e n t  a t t e n u a t o r .  The s e t  of  d e t e c t o r s  p l a c e d  i n  t h e  i n t e g r a t i n g  s p h e r e  
measures  t h e  s c a t t e r e d  l i g h t  from t h e  s u r f a c e  o f  t h e  sample a t  one  i n s t a n t  
and t h e  70 p e r c e n t  a t t e n u a t e d  beam a t  t h e  n e x t  i n s t a n t .  Comparing t h e  two 
measurements t h e  s u r f a c e  s c a t t e r  i s  o b t a i n e d .  An a d d i t i o n a l  r e f e r e n c e  o f  
0 -pe rcen t  s u r f a c e  s c a t t e r  i s  a v a i l a b l e  i n  each c y c l e  o f  sample t r a y  r o t a t i o n  
from t h e  open a p e r t u r e  which a l s o  s e r v e s  a s  100 p e r c e n t  t r a n s m i s s i o n  
r e f e r e n c e .  
The f i n a l  d e c i s i o n  on t h e  s e l e c t i o n  of samples i s  t o  b e  preceded by c o n s u l t a -  
t i o n s  w i t h  peop le  who have d i r e c t  i n t e r e s t  i n  t h e  exper iment .  The t e n t a t i v e  
and p a r t i a l  s e l e c t i o n  of t e s t  samples i s  l i s t e d  i n  T a b l e  31. 
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mPERIEiENT NO. 14  - RDfOTE MANUAL OPTICAL ALIGEMENT 
( D e l e t e d  - Refer  t o  OTES I n t e r i m  Report* f o r  a d d i t i o n a l  
d e t a i l s )  
TEST SOURCE , 
0 
VIDEO DISPLAY OF 
TEST SOURCE I M A a  
F i g u r e  224. Remote O p t i c a l  ,Alignment Schedule 
The exper iment  c o n s i d e r e d  t h e  equipment r equ i rements  and t h e  f e a s i b i l i t y  of  
r e a l i g n i n g  a l a r g e - a p e r t u r e  sys tem i n  space .  The performance o f  bo th  t h e  
remote c o n t r o l  sys tem and t h e  human o p e r a t o r s  was t o  b e  e v a l u a t e d .  S i n c e  t h e  
o p e r a t o r  w i l l  need i n f o r m a t i o n  about sys tem performance which i s  e s s e n t i a l l y  
v i s u a l  (image q u a l i t y  a t  v a r i o u s  p l a c e s  i n  t h e  o p t i c a l  p a t h ) ,  t h e  r e a l - t i m e  
t e l e v i s i o n  c a p a b i l i t y  o f  t h e  s p a c e c r a f t  was t o  b e  u t i l i z e d .  The communication 
t r a n s p o r t  l a g  of  a deep-space  v e h i c l e  can b e  s i m u l a t e d  e a s i l y  w i t h  ground equ ip -  
ment, and i t s  e f f e c t s  on human performance cou ld  b e  e v a l u a t e d .  
The exper iment  i s  d e l e t e d  a t  p r e s e n t  from t h e  group under c o n s i d e r a t i o n  because  
i t  i s  e s s e n t i a l l y  a demons t ra t ion  i n  space  of  a l a s e r  communication a p p l i c a t i o n  
r a t h e r  t h a n  a b a s i c  o p t i c a l  t echno logy  exper iment .  
*Perkin-Elmer Repor t  83 19. 
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E X P E R m m  NO. 17 - FIGURING OPTICAL SP.WACES IN SPACE BY ENERGmIC 
I O N I C  BEAMS (Dele ted  - Refer  t o  OTES I n t e r i m  Report* 
f o r  a d d i t i o n a l  d e t a i l s )  
F i g u r e  225. I o n i c  P o l i s h i n g  
The o b j e c t i v e  o f  t h e  exper iment  is  t o  t e s t  t h e  i o n  p o l i s h i n g  t echn ique  of 
m i r r o r s  whi le  t h e  pr imary m i r r o r  i s  i n  t h e  z e r o  "g" f i e l d  i n  space.  
The r e c e n t  discovery** t h a t  a  d i r e c t e d  beam of  heavy i o n s  e f f e c t s  a uniform 
removal of a s u r f a c e  o f  fused  s i l i c a  upon which t h e  beam impinged o f f e r s  ex-  
c i t i n g  p o s s i b i l i t i e s  f o r  t h e  LTEP. I o n i c  p o l i s h i n g  can be  used on board t h e  
s p a c e c r a f t  t o  make s m a l l  c o r r e c t i o n s  t o  t h e  primary m i r r o r  f i g u r e  w h i l e  t h e  
m i r r o r  i s  i n  space.  E l e c t r o n i c  d e f l e c t o r s  may be employed t o  d i r e c t  t h e  i o n  
beam t o  t h e  r e q u i r e d  zone on t h e  m i r r o r .  An i o n i c  p o l i s h e r  used  i n  conjunc- 
t i o n  w i t h  t h e  pr imary m i r r o r  f i g u r e  s e n s o r  and scanner ,  o p e r a t e d  i n  a  s e r v o  
mode, could  be  used t o  remove l o c a l i z e d  h igh  a r e a s  i n  t h e  pr imary m i r r o r  w h i l e  
t h e  m i r r o r  i s  i n  t h e  z e r o  "g" f i e l d .  
E r r o r s  i n  compensating f o r  and s i m u l a t i n g  z e r o  g r a v i t y ,  vacuum, and thermal  
c o n d i t i o n s  on E a r t h  w i l l  c r e a t e  de format ions  i n  t h e  m i r r o r  s u r f a c e  when t h e  
t e l e s c o p e  i s  p laced  i n  s p a c e  o p e r a t i o n .  The i o n i c  p o l i s h i n g  p r o c e s s  would 
a l low f i g u r i n g  of t h e  m i r r o r  t o  h / 5 0  accuracy a f t e r  t h e  LTEP i s  p laced  i n t o  
synchronous o r b i t .  T h i s  new and nove l  t echn ique  has  t h e  p o t e n t i a l  of r evo lu-  
t i o n i z i n g  t h e  methods f o r  f i n a l  f i g u r i n g  of d i f f r a c t i o n - l i m i t e d  o p t i c a l  p r i -  
mar ies .  
The experiment i s  d e l e t e d  a t  p r e s e n t  from f u r t h e r  c o n s i d e r a t i o n  (Phase B) 
of  t h e  LTm Program due t o  i t s  v e r y  immature s t a t e .  While  t h i s  t echn ique  
might w e l l  be  used i n  t h e  f u t u r e ,  i t  i s  t o o  e a r l y  t o  i n c l u d e  i n  t h e  p r e s e n t  
LTEP Program. 
* 
p e r k i n - ~ l m e r  Report  83 19. 
** 
Meinel,  A. B. ; Bashkin, S. ; and Loomis, D. A. : C o n t r o l l e d  F i g u r i n g  o f  
O p t i c a l  S u r f a c e s  by E n e r g e t i c  I o n  Beams. J. Appl. Opt . ,  v o l .  4, no. 12, 
Dec. 1965, p. 1674. 
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mPERIMENT NO. 18  - OCCULTING DISK EXPER-GENT 
(Dele ted  - Refer  t o  OTES I n t e r i m  Report* f o r  
a d d i t i o n a l  d e t a i l s )  
STAR/PLANET 
IMAGE 
OTES SUBSYSTEM 
F i g u r e  226. O c c u l t i n g  Disk Scheme 
Experiment O b j e c t i v e  - 
The d i s c o v e r y  of p l a n e t a r y  sys tems around nearby s t a r s  having a  p h y s i c a l  r e l a -  
t i o n s h i p  s i m i l a r  t o  t h e  r e l a t i o n s h i p  between our  e a r t h  and o u r  sun i s  an  e x c i t i n g  
r e a l i z a t i o n  f o r  o p t i c a l  astronomy. I f  t h e  t a r g e t  s t a r ' s  p l a n e t a r y  sys tem resem- 
b l e s  t h e  s o l a r  system, t h e n  t h e  t a r g e t  s t a r  i s  25 magnitudes b r i g h t e r  t h a n  i t s  
b r i g h t e s t  nearby p l a n t s .  A spaceborne,  th ree -mete r  t e l e s c o p e  can  have a  
d i f f r a c t i o n - l i m i t e d  r e s o l u t i o n  i n  t h e  v i s i b l e  spectrum of 0.06 arc-second.  
T h i s  a n g u l a r  r e s o l u t i o n  i s  probab ly  i n a d e q u a t e  t o  s e e  major p l a n t s  i n  t h e  
r e f l e c t e d  l i g h t  from t h e i r  p a r e n t  s t a r .  Even w i t h  an o r d e r  o f  magni tude 
i n c r e a s e  i n  d iamete r  o f  t h e  space  t e l e s c o p e ,  t h e  s c a t t e r e d  l i g h t  from t h e  
p a r e n t  s t a r  i s  s t i l l  b r i g h t  enough t o  obscure  a  nearby p l a n e t  
There  i s  a  p o s s i b l e  technique* t h a t  would a m e l i o r a t e  t h e  s c a t t e r e d  l i g h t  
problem a t  t h e  p r i c e  of ex t remely  p r e c i s e  guidance.  T h i s  method i n v o l v e s  t h e  
u s e  of a  l a r g e  opaque o c c u l t i n g  d i s k  launched f a r  i n  f r o n t  o f  t h e  space  t e l e -  
scope t o  reduce t h e  d i r e c t  l i g h t  from t h e  s t a r .  During t h e  o b s e r v a t i o n  o f  t h e  
s t a r ,  t h e  space  t e l e s c o p e  would t r a c k  a  beacon on t h e  o c c u l t i n g  d i s k .  Con- 
t r o l l e d  and v e r y  p r e c i s e  remote p o s i t i o n i n g  of an o c c u l t i n g  d i s k  i n  a  c l o s e d  
, 
loop mode is  r e q u i r e d  t o  l o c a t e  t h e  d i s k  p r e c i s e l y  i n  t h e  l i n e  of s i g h t  t o  t h e  
s t a r .  The magnitude of r e l a t i v e  motion between t h e  o c c u l t i n g  d i s k  and t h e  
t e l e s c o p e  l i n e  of s i g h t  de te rmines  t h e  o b s e r v a t i o n  t ime. T h i s  o b s e r v a t i o n  
would have t o  be  r e p e a t e d  some t ime  l a t e r  i n  o r d e r  t o  d i s t i n g u i s h  p l a n e t s ,  by 
means of t h e i r  o r b i t a l  motion around t h e  p a r e n t  s t a r s ,  from f a i n t  s t a r s  i n  t h e  
background. Apodizat ion of t h e  o c c u l t i n g  d i s k  w i l l  i n c r e a s e  t h e  c o n t r a s t  
between t h e  s c a t t e r e d  l i g h t  of t h e  s t a r  and p l a n e t .  
T h i s  exper iment  i s  too  ambi t ious  f o r  t h e  ETEP Program s i n c e  i t  r e q u i r e s  an  ad- 
d i t i o n a l  space veh ic l e  a c t i n g  as t h e  o c c u l t i n g  d i s k  w i t h  v e r y  p r e c i s e  p o s i t i o n -  
i n g  of t h e  o c c u l t i n g  v e h i c f e  r e q u i r e d .  
* 
Perkin-Elmer Report  8319. 
if-* 
S p i t z e r ,  L . ,  Jr. : Beginnings  and F u t u r e  o f  Space Astronomy. American 
S c i e n t i s t .  Vol. 50, no. 3, S e p t .  1962, p. 473. 
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EXPERIMENT NO0 19 - PROPAGATION OF DIFFRACTION-LIMITED LASER BEAMS 
(Dele ted from 2-Meter LTEP Astronomy T e l e s c o p e )  
YZ RlETER DIAMETER** 
LASER COMMUNICATOR 
TELESCOPE 
0.3 ARC-SECOND BEAM 2\ = 5300 A 
0.4 ARC-SECOND BEAM 'A = 6329 A 
~ ' ' 4  7 ARC-SECOND BEAM 7\ =10.6 MICRONS 
FOUR DETECTOR 
PLACED A T  3 d b  POINT5 
F i g u r e  227. P r o p a g a t i o n  of  D i f f r a c t i o n - L i m i t e d  L a s e r  Beams 
Experiment O b j e c t i v e s  
E a r t h  r e c e p t i o n  of  a narrow l a s e r  beam t r a n s m i t t e d  from a deep-space communica- 
t i o n  t e l e s c o p e  r e q u i r e s  t h a t  t h e  beam b e  v e r y  p r e c i s e l y  d i r e c t e d .  The s p a c e  
measurements of  f r a c t i o n a l  arc-second l a s e r  beam t r a c k i n g  c a p a b i l i t y  i s  t h e  
purpose  of  t h i s  exper iment .  
S ince  t h e  t echno logy  o b j e c t i v e  i s  r e l a t e d  t o  o p t i c a l  communication, t h i s  
exper iment  i s  d e l e t e d  from t h e  LTEP. 
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IEXPWmp NO. 20 - POX,JIT. W , A D  
(Deleted Orom the 2-Mteu  LTEP Astronomy Telescope) 
APPARENT POSITION 36 ARC SECONDS 
A@-0.05 DEGREE 
FUTURE POSITION 
OF EARTH BEACON 
AT lo8 MILES ** 
%*SIMULATED POSITIONS \ 
Figure 228 ,  Point  Ahead; Geometry 
Pxperiment Object ives  
To demonstrate t h a t  i t  i s  f e a s i b l e  t o  po in t  a space t e l e s c o p e ' s  t r ansmi t t i ng  
LOS ahead of i t s  r ece iv ing  LOS, by up t o  approximately 36 arc-seconds. The LOS 
t o  be accu ra t e  enough t o  e s t a b l i s h  an o p t i c a l  communication l i n k  back t o  t h e  
ea r th  rece iv ing  s t a t i o n  whose t r ansmi t  l a s e r  beacon i s  r a d i a t i n g .  
Experiment J u s t t f i c a t t o n  
Successful  exzcut ion of t h i s  s a t e l l i t e  experiment on OTES a t  20,000 mi les  
under condi t ions  which a r e  c l o s e l y  equiva len t  t o  those  a n t i c i p a t e d  a t  1 0 ~ ' r n i l e  
ranges, w i l l  e s t a b l i s h  the  f e a s i b i l i t y  of deep-space-to-earth l a s e r  communica- 
t i o n  systems which u t i l i z e  narrow beams. 
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EXPERIMENT NO. 2 1  - LASER BEACON ACQUISITION I N  SPACE 
(This experiment i s  t o  ob ta in  l a s e r  cornrnunication technology da ta .  Since CO!-.- 
munication technology i s  no longer an ob jec t ive  of LTEP, t h i s  exper iment  iz de- 
l e t e d . )  
I" WIPE FIELD OF VIEW 
OUTPUT OF FINE 
Figure 229. Laser ~ e a c o n  Acquis i t ion  
Assess t h e  mer i t s  of one o r  more a c q u i s i t i o n  methods f o r  f i nd ing  ( o r  acqu i r ing )  
a  l a s e r  ground beacon, The r e l i a b i l i t y ,  s impl ic i ty ,  and a c q u i s i t i o n  speed of 
each approach should be determined. Many a c q u i s i t i o n  schemes a r e  p o s s i b l e .  A 
deep-space vehic le ,  f o r  example, could search  wi th  a  r e l a t i v e l y  wide FOV ( -- l o )  
a t  a  given angle  from t h e  vehic le -sun  re ference  l i n e  u n t i l  beacon power i s  re- 
ceived.  This  approach might b e n e f i t  by incorpora t ion  of a u x i l i a r y  ea r th sh ine  
d e t e c t o r s  t o  enhance t h e  d e t e c t i o n  a b i l i t y  under h igh  albedo and e a r t b i l l u m i n a -  
t i o n  condi t ions .  Another approach might be t o  u t i l i z e  v e h i c l e  s t a r  s t r a c k i n g  
equipment, i f  p resent ,  t o  e s t a b l i s h  perhaps a  two-axis r e f e rence  wi th  s to red  
angular  d a t a  t o  l o c a t e  e a r t h  and t h e  beacon without a  s ea rch  mode. A t h i r d  ap- 
proach might conceivably involve both microwave and l a s e r  ground beacons t o  
provide both coarse and f i n e  p o s i t i o n  e r r o r  d e t e c t i o n  c a p a b i l i t y  during acqu i s i -  
t i o n ,  Since e leven  synchronous s a t e l l i t e  experiments (v iz .  5,20,23,24,26,27,28, 
29,30,31,32) a r e  dependent upon t h e  a c q u i s i t i o n  of a ground l a s e r  beacon, t he  
2-meter OTES a t  t h e  260 mi le  o r b i t  should execute a s  much of Experiment 21, a s  
o r i g i n a l l y  descr ibed i n  Report 8500, a s  p r a c t i c a l  from t h e  Low o r b i t .  (See F ig -  
u r e  229, 
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Acquis i t ion  c a p a b i l i t y  must be provided i f  t h e  e leven  synchronous orb ik  expe r i -  
ments a r e  t o  be performed. An engineering experiment, devoted t o  performance 
eva lua t ion  and op t imiza t ion  procedures, i s  c o n s i s t e n t  wi th  t h e  importance of 
developing a  t r u l y  spaceworthy l a s e r  beacon a c q u i s i t i o n  system. Further,  t he  
provis ion  of two completely redundant a c q u i s i t i o n  subsystems aboard a  technol -  
ogy s a t e l l i t e  such a s  an OTES stems from t h e  need f o r  a  h igh  confidence f a c t o r  
subsystem. The p rov i s ion  of a  l a s t - d i t c h  backup a c q u i s i t i o n  system i s  j u s t i -  
f i e d  f o r  t h e  low o r b i t  f l i g h t  of t he  2-meter OTES. 
The a t t ached  parametr ic  family of curves i n  Figure 230 cons iders  t h e  capabi l -  
i t y  of t h e  synchronous spacec ra f t  t o  r o t a t e  r a p i d l y  o r  slowly about t h e  sun 
l i n e  and t h e  e f f e c t  of t h i s  c a p a b i l i t y  upon t h e  time during which the  e a r t h  
beacon image w i l l  t r a v e l  through a  lo f i e l d  of view. Since t h e  sun o f f s e t  
ang le  can very from smal l  angles  (but  no l e s s  t han  a  few degrees o r  t h e  d i r e c t  
rays of t h e  sun would e n t e r  t h e  t e l e scope )  t o  l a r g e  angles  approaching 90°, t h e  
sun o f f s e t  angle  i s  p l o t t e d  a s  t h e  absc i s sa  o r  independent v a r i a b l e  of t h e  pa- 
r ame t r i c  curves.  The synchronous spacec ra f t  r o t a t i o n a l  r a t e  c a p a b i l i t y  about 
an  a r b i t r a r y  a x i s  i s  considered over t h e  range from 1 complete r evo lu t ion  i n  
112 minute t o  1 complete revolu t ion  i n  112 hour.  The f a s t e r  t h e  spacec ra f t  
r a t e ,  t h e  s h o r t e r  t h e  period of time t h a t  t h e  Earth beacon image w i l l  be  i n s i d e  
t h e  lo f i e l d  of view. 
Note t h a t  t h e  r a t e s  a r e  measured by values i n  t h e  range of revolu t ions  per  min- 
u t e  f o r  t h i s  synchronous o r b i t  s imula t ion  of deep space.  For t h e  2-meter OTES, 
t h e  angular  r a t e s  a r e  i n  t h e  v i c i n i t y  of s e v e r a l  degrees pe r  second, and t h e  
corresponding time t h a t  a  l a s e r  beacon image would t r a v e r s e  a  lo f i e l d  of view 
i s  now a mat te r  of a  f r a c t i o n  of a  second. The a c q u i s i t i o n  problem a t  low or- 
b i t a l  a l t i t u d e s  i s  considerably more d i f f i c u l t  and t h e  l i ke l ihood  of success  
i s  correspondingly lower. However, t h e  number of oppor tun i t i e s  t o  conduct ac- 
q u i s i t i o n  experiments w i l l  be high due t o  t h e  long l i f e  of t h e  o r b i t i n g  v e h i c l e .  
The b a s i c  method f o r  acqui r ing  an e a r t h  l a s e r  beacon u t i l i z e s  a  search  about  
t h e  vehic le -sun  r e fe rence  l i n e  (as  descr ibed above); t h e  b a s i c  hardware involved 
inc ludes  t h e  fol lowing:  
On t h e  Ground I n  Space 
. 
Other  
@ Computer 
a Laser 
e Opt i ca l  te lescope  wi th  wide 6 Command and 
d e t e c t i o n  FOV te lemet ry  
e Opt i ca l  po in t ing  e r r o r  sensor  subsys tems 
( v i z .  4-quad de t ec to r ,  PW, e t c , )  
r Laser modulator e Predetec t ion  f i l t e r i n g  
Op t i ca l  t e l e scope  e Fie ld  s top  (automatic  o r  remotely 
cont ro  1 led)  
e Telescope gimballed e Acquis i t ion  subsystem 
mount a) s u n  sensor,  coarse 
b) sun sensor,  f i n e  and gimballed 
A t t i t u d e  c o n t r o l l a b l e  v e h i c l e  
Suspension subsystem 
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The r e f l e c t i n g  f i e l d  s t o p  d iv ides  t h e  coarse  ( r e f l e c t e d )  f i e l d  and t h e  f i n e  
( t r a n s m i t t e d )  f i e l d ,  As t h e  image of t h e  ground beacon e n t e r s  t h e  coa r se  f i e l d  
of view, t h e  beacon energy i s  focused by t h e  f i e l d  lens  on one o r  more of t h e  
quadrants  of t h e  4-quadrant photosensor .  This  s igna l ,  when fed t o  t h e  po in t ing  
c o n t r o l  s e l e c t o r  (F igure  231 ) causes t h e  v e h i c l e  t o  r o t a t e  and consequently 
fo rces  t h e  beacon image toward t h e  c e n t r a l  ho le  of t h e  r e f l e c t i n g  f i e l d  s top .  
The f i r s t  opera t ion  dur ing  a c q u i s i t i o n  i s  t o  determine t h e  approximate p o s i t i o n  
of t h e  sun by using t h e  coa r se  sun sensor .  The output  s i g n a l  of t h i s  device  i s  
used t o  r o l l  t h e  t e l e scope  t o  a  p o s i t i o n  where t h e  sun i s  i n  t h e  FOV of t h e  
f i n e  sun sensor .  Once t h e  f i n e  sun sensor  has acquired t h e  sun, t h e  t e l e scope  
r o l l s  about t h e  sun U S .  The r o t a t i o n  r a t e  i s  con t ro l l ed  by t h e  d i f f e r e n c e  
a m p l i f i e r  wi th  t h e  r a t e  gyro and r a t e  re ference  i n p u t s .  
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EXPERIMENT NO. 22 - EARTHSHINE AND CLOUD COVER EFFECTS ON ACQUISITION AND 
TRACKING (Dele ted  from t h e  2-Meter LTEP Astronomy Te lescope)  
TRAJECTORY OF MARINERIP 
MARS PROBE 
SON R=0.7 MISSION 
ERMlNATlON 
R =  NORMALIZEP APPARENT RADIANT EARTU SHINE 
F i g u r e  232. E a r t h s h i n e  V a r i a t i o n  
F igure  , 232  above i l l u s t r a t e s  t h e  v a r i a t i o n  i n  t h e  e a r t h s h i n e  a s  s e e n  by a  
Mar t i an  space v e h i c l e  look ing  back a t  e a r t h .  The f i g u r e  shows t h e  t r a j e c t o r y  
o f  Mariner  N i n  a  c o o r d i n a t e  sys tem f i x e d  w i t h  r e s p e c t  t o  t h e  e a r t h  and s u n .  
Note t h a t  d u r i n g  t h e  e a r l y  p a r t  of t h e  m i s s i o n  t h e  probe i s  viewing t h e  "night"  
e a r t h .  A f t e r  encounter ,  t h e  probe i s  assumed t o  be i n  o r b i t  around Mars.  
The experiment o b j e c t i v e  i s  t o  a s s e s s  t h e  a b i l i t y  o f  a  space  o p t i c a l  ( a c q u i s i -  
t i o n  and t r a c k i n g )  sys tem t o  a c q u i r e  and t r a c k  a  l a s e r  ground beacon i n  t h e  
p resence  of d e g r a d a t i o n s  induced by n a t u r a l l y  o c c u r r i n g  e a r t h s h i n e .  The range  
o f  c o n d i t i o n s  shou ld  i n c l u d e  those  o c c u r r i n g  on moonless n i g h t s  through t h o s e  
o c c u r r i n g  w i t h  high-noon s u n  w i t h  e f f e c t s  of v a r i o u s  a lbedo  c o n d i t i o n s  (wa te r  
g l i n t ,  snow f i e l d s ,  c louds ,  e t c . ) .  Tracking measurements a r e  a l s o  needed f o r  
v a r i o u s  c loud cover  conditions. Experiment d a t a  i s  needed t o  suppor t  t h e  s e l e c -  
t i o n  of f u t u r e  l a s e r s  based on t h e i r  a b i l i t y  t o  p e n e t r a t e  c loud l a y e r s .  
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MPERIMENT NO,. 23 - ONE-MEGABIT LASER COMMUNICATIONS mPERmEm 
(Deleted from the  2-Meter ETEP Astronomy Telescope) 
LTAGES 
Figure  233. Laser  Conmunication Block Diagram 
Experiment Object ive 
Th i s  experiment proposes t o  ga the r  t h e  experimental da t a  necessary t o  e s t a b l i s h  
t h e  f e a s i b i l i t y  of i n t e r p l a n e t a r y  megabit o p t i c a l  communications. S ince  t h e  
f r e e  space lo s s  of a  Mars-to-earllh communication l i n k  i s  74 a B  g r e a t e r  than  t h e  
22000-mile path, the  power requirements of t he  experiment system can be s i g n i f i -  
c a n t l y  smal le r  than t h e  requirements f o r  f u t u r e  i n t e rp l ane ta ry  l i n k s .  However, 
a l l  t h e  requirements f o r  acqu i s i t i on ,  t racking,  encoding and decoding, ope ra t ion  
of l a s e r  and modulator, and r e l i a b i l i t y  can be adequately s imulated and t e s t e d .  
The d a t a  t o  be t ransmi t ted  would c o n s i s t  of d i g i t i z e d  TV and te lemet ry  from t h e  
s p a c e c r a f t  d iagnos t ics  equipment a s  shown i n  Figure 233,  
This  experiment, which r equ i r e s  a  synchronous o r b i t  vehic le ,  w i l l  develop the  
engineer ing  and s c i e n t i f i c  da t a  needed t o  design f u t u r e  deep-space o p t i c a l  com- 
munication systems t h a t  can opera te  wi th  a  channel capac i ty  i n  t he  v i c i n i t y  of 
one megabit/second. Since t h e  2-meter OTES f l i g h t  i s  based on a  260 n.m. o r b i t ,  
t h e  experiment must be accomplished on the  112 Meter Laser Communications S a t e l -  
l i t e  conf igura t ion  or  equ iva l en t .  Refer t o  Report 8500 page 1-145 f o r  a d d i t i o n a l  
d e t a i l s .  
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EXPERIMENT NO. 24 - ROTATION ABOUT THE LINE OF SIGHT (RLOS) 
(De le ted  from t h e  2-Meter LTEP) 
EARTW (VIRT 
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F i g u r e  234. R ~ S  Geometry 
There  i s  a  r equ i rement  t o  p r o v i d e  a  r o t a t i o n a l  r e f e r e n c e  abou t  t h e  l i n e  of  s i g h t  
(RLOS) f o r  t h e  t r a n s m i t t i n g  o p t i c s  o f  a n  o p t i c a l  communications sys tem o n  a 
s p a c e c r a f t  l o c a t e d  i n  s p a c e .  One exper iment  o b j e c t i v e  i s  t o  e v a l u a t e  on t h e  
OTES a n  o p t i m a l  RLOS t e c h n i q u e  f o r  a  megabi t  o p t i c a l  communication sys tem oper-  
a t i n g  a t  108 m i l e s .  The RLOS t e c h n i q u e  assumed f o r  deep-space  employs a n  a u x i l -  
i a r y  onboard s u n  t r a c k e r  working i n  c o n j u n c t i o n  w i t h  t h e  v e h i c l e  t e l e s c o p e  view- 
i n g  t h e  e a r t h  l a s e r  beacon.  
A second exper iment  o b j e c t i v e  i s  t o  i n v e s t i g a t e  RLOS techn iques  which a r e  f e a s i b l e  
f o r  e a r t h  s a t e l l i t e  a p p l i c a t i o n s .  For  example, t h e  i n t e r s a t e l l i t e  communication 
l i n k  w i l l  r e q u i r e  a n  RLOS t e c h n i q u e .  
The RLOS exper iment  i s  r e q u i r e d  f o r  zny space  o p t i c a l  communication l i n k  which 
h a s  t h e  po in t -ahead  c a p a b i l i t y .  It i s  recommended f o r  t h e  1/2-Meter U s e r  Com- 
m u n i c a t i o n  S a t e l l i t e  Experiments i n  a  s p a c e  f l i g h t  o p e r a t i n g  a t  a  24-hour o r b i t  
See Report  8500, p .  1-155 f o r  a d d i t i o n a l  d e t a i l s .  
EXPERIMENT NO. 25 - TUCKING TRANSFER EXPERIMENTS 
(Dele ted  from t h e  2-Meter LTEP) 
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F i g u r e  235. Track ing  T r a n s f e r  - .  Geometry 
Fol lowing t h e  p e r i o d  o f  t ime d u r i n g  which t h e  s a t e l l i t e  has  been t r a c k i n g  S t a -  
t i o n  A, t h e  o p t i c a l  communication l i n k  must be s h i f t e d  t o  S t a t i o n  B ( a n  a n g u l a r  
d i sp lacement  o f  some known number o f  a rc - seconds)  . T h i s  procedure  w i l l  s i m u l a t e  
t h e  c o n d i t i o n  i n  deep space  when t h e  v e h i c l e  has locked i t s  r e c e i v e  o p t i c a l  s y s -  
tem on to  t h e  a p p a r e n t  p o s i t i o n  of t h e  ground s t a t i o n  and i s  now faced  w i t h  t h e  
problem o f  t r a n s f e r r i n g  communication t o  a  d i f f e r e n t  ground s t a t i o n .  It is  i m -  
p o r t a n t  t h a t  t h e  deep-space o p t i c a l  communication system have t h e  c a p a b i l i t y  o f  
t r a n s f e r r i n g  i t s  beam from one s t a t i o n  t o  t h e  n e x t  w i t h o u t  going through a n  a c -  
q u i s i t i o n  o p e r a t i o n  between each s t a t i o n  t r a n s f e r .  
T h i s  experiment r e q u i r e s  a  24-hour o r b i t  r a t h e r  t h a n  t h e  260 n.m. o r b i t  o f  t h e  
2-meter OTES. It i s  recommended f o r  t h e  Laser  Communication S a t e l l i t e  Exper i -  
ments .  For a d d i t i o n a l  d e t a i l s ,  r e f e r  t o  Report  8500, p .  1-160. 
Report  No. 9800 
EXPERIMENT NO. 2 6 - POINT IITG SYSTEEii TECHNIOUES 
( s e e  Chap te r  7 on Te lescope  P o i n t i n g  f o r  a d d i t i o n a l  development of t h i s  ex- 
pe r iment . )  
1. BODY POINT+TRANSFER 2. FREE FLOAT SYSTEM 3. GIMBAL SUSPENSION 
LENS (MAGNETIC TORQUING ) &TRANSFER L E N S  
GATHER TRACKING DATA WITH AND WITHOUT 
KNOWN FORCING DISTURBANCES 
F i g u r e  236. P o i n t i n g  S t a b i l i z a t i o n  Techniques  
F r a c t i o n a l  a rc - second  t r a c k i n g  e r r o r s  due t o  n a t u r a l  d i s t u r b a n c e s  can  b e  r e -  
duced by p r o v i d i n g  h i g h e s t  i s o l a t i o n  a g a i n s t  e x t e r n a l  d i s t u r b a n c e s ,  t h e r e b y  
a l l o w i n g  bandwidth m i n i m i z a t i o n .  A s p a c e  t e l e s c o p e  f o r  communications o r  a s -  
t r o n o m i c a l  u s e  w i l l  hzve i t s  l i n e  o f  s i g h t  d i s t u r b e d  by ex t raneous  t o r q u e  i n -  
p u t s .  While r e s o r t i n g  t o  h i g h e r  p o i n t i n g  s e r v o  bandwidths c a n  reduce  t h e  
to rque- induced  p o i n t i n g  e r r o r s ,  such i n c r e a s e  i s  u n d e s i r a b l e  i n  t h a t  i t  en- 
hances  t h e  magnitude of  p o i n t i n g  e r r o r s  due t o  n o i s e ,  b o t h  i n  s i g n a l  p l u s  back- 
ground l i g h t ,  and n o i s e  t h a t  o r i g i n a t e s  i n  t h e  c o n t r o l  e l e c t r o n i c s .  S i n c e  
r e d u c t i o n  of  t o r q u e  d i s t u r b a n c e s  w i l l  r e s u l t  i n  i n c r e a s e d  p o i n t i n g  p r e c i s i o n ,  
t e l e s c o p e  s u s p e n s i o n  sys tems which p rov ide  g r e a t e s t  i s o l a t i o n  from e x t e r n a l  
t o r q u e s  a r e  d e s i r a b l e .  The o b j e c t i v e  of t h i s  exper iment  would b e  t o  a s s e s s  t h e  
i s o l a t i o n  c a p a b i l i t i e s  o f  v a r i o u s  promis ing s u s p e n s i o n  systems by measur ing 
t e l e s c o p e  p o i n t i n g  e r r o r s  when o t h e r  c o n d i t i o n s  a r e  m a i n t a i n e d  e s s e n t i a l l y  con- 
s t a n t  . 
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The most promising suspension system f o r  t h e  l a rge  te lescopes  such a s  t h e  3- 
meter LTEP o r  t he  MOAT i s  t he  body poin t  p lus  a l l  r e f l e c t i v e  t r a n s f e r  lens  
technique.  This  takes  advantage of t he  zero  "g" space environment by having 
t h e  te lescope  f l o a t i n g  f r e e  of the  c l u s t e r  during t r ack ing  ope ra t ions .  Such 
an arrangement provides complete i s o l a t i o n  from manned v e h i c l e  o r i g i n a t i n g  
torques .  
This  experiment i s  a n  engineering evaluat ion,  i n  space, of b a s i c a l l y  d i f f e r e n t  
po in t ing  techniques f o r  space t e l e scopes .  I t  a l s o  provides experimental  ev i -  
dence on t h e  l e v e l  of spacec ra f t  d i s t u r b i n g  torques which can be t o l e r a t e d  by 
each of t h e  space te lescope  poin t ing  techniques .  As considered f o r  t he  OTES, 
t h e  experimental approach w i l l  inc lude  t h e  ga ther ing  of t r ack ing  d a t a  from Ex- 
periment 9 .  The performance of each po in t ing  system can be eva lua ted  and t h e  
r e s u l t s  incorpora ted  Ln f u t u r e  manned observatory des ign .  There i s  equipment 
(such a s  c o n t r o l  moment gyros) aboard t h e  LEM Rack t h a t  can in t roduce  motion 
d is turbances  i n  each of t h e  th ree  r o t a t i o n a l  degrees of freedom. 
Figure 237- below shows some ca l cu la t ed  d is turbances  introduced aboard a  
100,000 s  lug- f t 2  te lescope  by normal mot ions of a  200-pound crewman. Figure 
2-37 i l l u s t r a t e s  t h a t  t o r s o  o r  body motions would cause d is turbances  g r e a t e r  
than t h e  l a r g e  t e l e scope  could t o l e r a t e .  That i s ,  the  b a s i c  t o l e rance  l e v e l  
i s  about 0 .01  arc-seconds while  t h e  t o r s o  motions and body motions in t roduce  
d is turbances  i n  t he  range of 3 . 6  t o  36 arc-seconds.  
Peak 
Angular 
Rate 
(Deg/Sec) 
90' r o t a t i o n  of body member, 
1-second dura t ion  of motion, 
100,000 s lug-£ t2 veh ic l e  i n e r t i a ,  
200- l b  crewman 
(r 36 arc-sec)  
(s 3 . 6  a rc - sec )  
A t  t i  tude 
Change 
(Deg) 
Head A r m  Leg Torso Body a 
Figure 237. . Vehicle  Motion Due t o  Crew 
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Thus, i t  can be seen t h a t  some form of f i n e  poin t ing  system con t ro l  (beyond 
t h a t  provided by t h e  spacec ra f t  a t t i t u d e  con t ro l )  i s  requi red  f o r  a  l a r g e  space  
t e l e scope .  
The t h r e e  poin t ing  techniques i n  t h i s  f l i g h t  experiment t o  be evaluated a g a i n s t  
each o t h e r  a r e :  
The body po in t  technique wi th  a  t r a n s f e r  lens  
e The f r e e  f l o a t  technique using magnetic torquing 
r The gimbal suspension with a  t r a n s f e r  l e n s .  
The body po in t  technique wi th  a  t r a n s f e r  lens i s  t h e  app ropr i a t e  approach f o r  
t he  l a r g e  o r b i t i n g  te lescopes  such a s  t h e  3-meter OTES, t h e  Manned Orb i t i ng  
Astronomical Telescope (MOAT), and the  Large O r b i t a l  Telescope (LOT). The 
f r e e  f l o a t  technique i s  considered very  appropr i a t e  f o r  smal le r  o r b i t a l  t e l e -  
scopes such a s  the  2-meter OTES and, t h e  Advanced Princeton S a t e l l i t e  (1-meter, 
d i f f r a c t i o n - l i m i t e d  a p e r t u r e ) .  The gimbal suspension with a  t r a n s f e r  l ens  i s  
app ropr i a t e  f o r  ATM and smal le r  t e l e scopes .  The l a t t e r  technique i s  t he  sys-  
tem used on St ra toscope  11, and i s  t h e  technique which Perkin-Elmer i s  develop- 
ing  i n  t h e  VCPS (Vernier Control  and Point ing System) f o r  t h e  ATM f o r  MSFC. 
The experience Perkin-Elmer has had wi th  t h e  t r a n s f e r  lens i n  t h e  S t ra toscope  I1 - 
and t h e  Laser/Optics Techniques work i n  NAS 8-20115 i s  adequate t o  draw on dur- 
ing  t h e  f e a s i b i l i t y  s tudy work of t h e  cu r r en t  phase of t h e  LTEP. However, w i th  
r e spec t  t o  t he  f r e e  f l o a t  technique, t he  Advanced Pr ince ton  S a t e l l i t e  (APS) 
work i s  t h e  p ro j ec t  t h a t  i s  most advanced.* This  space t e l e scope  p r o j e c t  has 
been i n  study, des ign  and breadboard s i n c e  1966. The p r o j e c t  has a n  i n e r t i a  
model of t he  te lescope  supported by unique a i r  bearing f o r  t e s t i n g  of t h e  f r e e  
f l o a t  techniques.  This  equipment was used by t h e  OTES Pro jec t  Team a t  Perkin- 
Elmer t o  conduct a  labora tory  experiment of s p e c i a l  i n t e r e s t  t o  t h e  OTES Experi- 
ment No. 26.  
Laboratory Free F l o a t  Poin t ing  System Experiment f o r  OTES 
The experiment t h a t  was conducted wi th  t h e  APS magnetic suspension po in t ing  
system breadboard i n  support of OTES Experiment No. 26, was t h e  measurement of 
t he  magnitude of i s o l a t i o n  achievable  by a  f r e e  f l o a t  te lescope  i n  t he  presence 
of s imulated spacec ra f t  motions. The labora tory  layout  i s  shown i n  Figure 238. 
The experimental procedure was t o  phys ica l ly  d i s p l a c e  t h e  magnetic pusher over 
l a r g e  d i s t ances  (equiva len t  t o  spacec ra f t  motion) and measure the  r e s u l t i n g  
displacement of the breadboard a x i s .  The magnetic pusher magnet was moved over 
d i s t ances  which were v a r i a b l e  t o  a  maximum of 1.0 inches and a t  a  r a t e  of 0 .38 
inches/second. The r e s u l t s  were measured with an  au tocol l imator  and t h e  d i s -  
turbances r e s u l t i n g  from t h e s e  t e s t s  were noted t o  be l e s s  than the  r e s o l u t i o n  
l i m i t  of t h e  au tocol l imator  ( t h i s  i s  about 0 .2 t o  0 .5  a rc-seconds) .  While t he  
t e s t s  a r e  r e a l l y  incomplete without going down t o  measurements i n  t he  v i c i n i t y  
of  0 .01  a r c  seconds o r  l e s s ,  t h e  magnitude and r a t e  of t h e  d is turbances  induced 
i n t o  t h e  equipment a r e  unusually h igh .  
*perkin-Elmer Report 8688, Sec t ion  5 contains  a  f u l l  t e c h n i c a l  r e o o r t  on the  
Free F l o a t  system, i t s  design, cons t ruc t ion  and t e s t  r e s u l t s ,  - 
1-463 
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F i g u r e  2-38. Laboratory Layout 
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One of t h e  main f e a t u r e s  of t h e  APS system i s  t h a t  i t s  experiment package i s  
phys ica l ly  disconnected during opera t ion  from the  o u t e r  spacec ra f t  which i n  
t h i s  case  i s  t he  OAO s p a c e c r a f t .  Although t h e  experiment package po in t ing  
c o n t r o l  system uses t h e  OAO spacec ra f t  a s  an i n e r t i a l  torquing re ference  t o  
achieve i t s  po in t ing  cont ro l ,  i t  i s  not  i n  t u r n  subjec ted  t o  the  d i s tu rbances  
c r ea t ed  by the  motions o  f  the spacec ra f t  . 
One of t h e  s p e c i a l  components used i n  t h e  APS system t o  achieve c o n t r o l  i s  a  
magnetic "pusher" which i s  s i m i l a r  i n  p r i n c i p l e  t o  so lenoids  on loud speaker  
c o i l s .  This  u n i t  c o n s i s t s  of a  permanent magnet wi th  an " a i r  gap" t h a t  con- 
t a i n s  a  c o i l  where t h e  permanent magnet i s  loca ted  on t h e  ou te r  s p a c e c r a f t  and 
the  c o i l  i s  a t t ached  t o  t he  experiment package. I n  operat ion,  an  e l e c t r i c a l  
s i g n a l  ( c u r r e n t )  i s  der ived from t h e  experiment package angular  displacement 
sensors  and fed  t o  t h e  c o i l s  which i n  t u r n  s e t  up magnetic r epu l s ion  o r  reac-  
t i o n  fo rces  i n  t h e  pusher which e f f e c t i v e l y  "push" aga ins t  the  s p a c e c r a f t  t o  
c o n t r o l  f i n e  po in t ing .  
I n  t h i s  OTES labora tory  experiment. one of the  ppmanent  magnets (See P ivnres  
239 and 2403 of t he  APS breadboard was mechanized t o  al low i t  t o  t r a v e l  " in  
and out" wi th  respec t  t o  i t s  c o i l  mounted on t h e  s imulated experiment package. 
The po in t ing  system was ac t iva t ed ,  placed i n t o  i t s  f i n a l  opera t ing  o r  po in t ing  
c o n t r o l  mode and t h e  pusher was commanded t o  move t o  a  s p e c i f i c  p o s i t i o n  a t  a  
f i xed  l i n e a r  slewing r a t e .  I n  each case the  magnet was allowed t o  r e t u r n  t o  
i t s  o r i g i n a l  pos i t i on  and the  experiment was re run  f o r  a  d i f f e r e n t  magnet posi-  - 
t i o n .  
A t  t he  p re sen t  time, n e i t h e r  t h e  APS Pro jec t  nor t he  OTES Pro jec t  have adequate  
funds t o  make t h e  measurements i n  t h e  1/100 arc-second reg ion .  The measurements 
could be made only by placing the  e n t i r e  breadboard i n t o  a  vacuum tank and using 
a  very p r e c i s e  instrument i n  t h e  vacuum tank t o  note  t h e  angular  d i s turbances  
r e s u l t i n g  from simulated spacec ra f t  motions. 
Before a  f l i g h t  p r o j e c t  i s  committed t o  t h i s  f r e e  f l o a t  concept, t h e  vacuum 
tank  t e s t s  should be conducted. This  work i s  recommended t o  NASA i n  Chapter 
1 of Perkin-Elmer Report No.-8900. 
One of t h e  most important aspec ts  of t h e  2-meter LTEP f l i g h t  i s  t h a t  t h e  d a t a  
gathered can be used t o  eva lua te  t h e  a b i l i t y  of t h e  space te lescope  t o  po in t  
w i th  adequate  p rec i s ion  i n  t h e  260 n.m. o r b i t .  AS previously shown i n  t h i s  
repor t ,  t he  d is turbances  due t o  e a r t h  anomolies, magnetic f i e l d ,  and a i r  drag 
a r e  s e v e r a l  orders  of magnitude h igher  than  t h e  d is turbances  t h a t  t ake  p l ace  a t  
t he  synchronous o r b i t .  Thus, t h e r e  i s  a  c o n f l i c t i n g  s e t  of condi t ions f o r  t h e  
f u t u r e  l a r g e  o r b i t i n g  te lescopes :  
o High Orbi t  - with  advantages of low d is turbances  but  
wi th  p o t e n t i a l  disadvantages of day l igh t  
opera t ions  only .  
e Low Orbi t  - with  advantages of n igh t  time operat ions,  
but  wi th  p o t e n t i a l  disadvantages of exces- 
s  i v e  input  d i s turbances  t o  t h e  poin t ing  
system. 
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T e s t  S t a n d  (o r  Ear th )  
Refe rence  
Sensor  No. 1 
Power Chain Link 
Displacement 
Sensor  No. 3 
E l e c t r o n i c  
Sensor  No. 2 
Figure 239,  P o i n t i n g  System Exper imental  Se tup  
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The proposed Experiment No. 26  w i l l  provide information and answers which, i n  
t u rn ,  w i l l  guide NASA personnel i n  t h e i r  dec is ions  on o r b i t a l  a l t i t u d e  f o r  t h e  
NASO. 
Experiment Procedure 
The t h r e e  types of suspension systems t o  be compared i n  t h i s  experiment a r e  
t h e  body poin t  mode, gimbals and to rque r  motor mode, and t h e  f r e e  f l o a t  mode. 
The body po in t  mode i s  used i n  conjunct ion wi th  a  movable t r a n s f e r  lens t o  
achieve  f i n e  t r ack ing  when the  to rque r  motors a r e  locked and t h e  te lescope  i s  
r i g i d l y  caged t o  t h e  v e h i c l e .  The gimbal mode uses t h e  to rque r  motors t o  pro- 
v ide  coarse guidance and a  t r a n s f e r  lens  f o r  t he  f i n e  guidance system. The 
f r e e  f l o a t  mode occurs when t h e  t e l e scope  i s  disconnected from t h e  veh ic l e  
s t r u c t u r e  and u t i l i z e s  an a c t i v e  magnetic con t ro l  system t o  provide f i n e  poin t -  
i ng .  See Figure 241, Refer back t o  Experiment No. 9 f o r  a d d i t i o n a l  d e t a i l s .  
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EXPERIMEW NO. 27 - SPACE -TO-GROUND-TO- SPaCE LOOP CABSURE 
(Deleted from the 2-Meter L T ~ )  
FUTURE POSITION 
GROUND STATION 
1 I 
NEW POINT AHEAD COMMANDS 
- 
Figure 242. Tracking Verification Scheme 
Whenever pointing performance (to a precision of 1/10 arc-second down to 1/100 
arc-second) of a space optical telescope is considered, the question of verifi- 
cation of performance is raised. In a synchronous orbit optical communication 
experiment system, the verification is obtained by using the illustrated tech- 
nique. This experiment is an instrumentation procedure that can be used to 
calibrate the accuracy of space-transmitting beam control loops. The objective 
of the experiment is to develop the effectiveness of this instrumentation loop. 
The utility of the loop at longer ranges (with corresponding increases in the 
transport lag of the photons betweenearth, and the spacecraft) will decrease. 
At synchronous altitude, transport delays of 0.2-second round trip can be ae- 
comodated. 
This experiment can not be conducted at the 260 n.m. orbit of the 2-meter OTES. 
The spacecraft is in the line of sight of the ground station for less than 4 
minutes and the angular rates between the laser beam and the space telescope 
are impractically high. The experiment remains recsmended for a synchronous 
orbit flight. Further details can be found in Report 8500 starting on page 1-164.  
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EXPERIMENT NO. 28 - ATMOSPHERIC SCINTILLATION AND IMAGE JITTER aPER6MEW 
(Deleted from t h e  2-Meter LTEP) 
VARIATION OF ANGLE 
OF ARRIVAL OF"PLANE'' 
TROPOPAUSE WAVE FRONTS CAUSE 
IMAGE JITTER 
i 
I 
1 4 WAVELENGTHS : A = 5300 A 
h=6328L, h=11,530A, 
1 - 1 0 . 6  MICR'ONS I 
'MTs FOR SCINTILLATION 
CROSS 
CORRELATION 
EQUIPMENT 
B, 1 AUTO 
CORRELATION 
EQUIPMENT 
Figure  243. Scheme f o r  Measurement of S c i n t i l l a t i o n  and Image J i t t e r  
The experiment o b j e c t i v e  i s  t h e  measurement of f l u c t u a t i o n s  of l i g h t  i n t e n s i t y  
and image j i t t e r  from a  coherent source  ( a f t e r  passage through t h e  e n t i r e  a t -  
mosphere). This  experiment should be conducted f o r  up and down t ransmiss ion  
of coherent  l i g h t  between t h e  s p a c e c r a f t  and e a r t h .  These i n t e n s i t y  and image 
f l u c t u a t i o n s  w i l l  b e  c o r r e l a t e d  wi th  measurements of i n t e n s i t y  and image f l u c -  
t u a t i o n s  of s t a r l i g h t .  This should be done f o r  s eve ra l  small  r e c e i v e r  a p e r t u r e  
s i z e s ,  f o r  a t  l e a s t  two l a s e r  wavelengths, f o r  day and n igh t  operat ion,  f o r  
s e v e r a l  z e n i t h  angles,  and f o r  v a r i c u s  meteorological  condi t ions .  I n  add i t i on ,  
t h e r e  should be  determinat ion of t h e  auto- and c ros s -co r re l a t ions  and power 
s p e c t r a l  d e n s i t i e s  of t h e  i n t e n s i t y  and image j i t t e r  f l u c t u a t i o n s .  This i n f o r -  
mation should be c o r r e l a t e d  wi th  t h e  outputs  of a  meteoro logica l  da t a  co l l ec -  
t i o n  system. 
This  experiment i s  recommended f o r  a  synchronous o r b i t  v e h i c l e ;  however, i t  
cannot be  executed i n  t h e  low o r b i t  2-meter OTES. Addi t iona l  information i s  
publ ished i n  Report 8500 s t a r t i n g  on page 1-168. 
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EXPERIMENT NO. 29 - HIGH-RESOLUTION ATMOSPHERIC ABSORPTION MEASUREMENT 
INE TRACKING 
CALI BRATE D 
REFERENCE TH 
BEACON ARGON 
LA 
TUNABLE D Y E  
F i g u r e  244. High-Resolut ion Atmospheric Absorp t ion  Measurement 
A s k e t c h  of t h e  l a s e r  spec t roscopy  exper iment  i s  shown i n  F i g u r e  244. The 
r o t a t i n g  r e f l e c t i v e  chopper t i m e  m u l t i p l e x e s  t h e  a rgon  beacon w i t h  t h e  o u t p u t  
from a  c o n t i n u o u s l y  t u n a b l e  l a s e r .  The a rgon  beacon i s  used a s  t h e  r e f e r e n c e  
i n  d e t e r m i n i n g  t h e  a b s o l u t e  a b s o r p t i o n  of t h e  t u n a b l e  l a s e r  r a d i a t i o n .  Recent  
advances  i n  dye l a s e r s  have produced l a s e r s  which o s c i l l a t e  o v e r  wide s p e g t r a l  
r e g i o n s  ( 0 . 3 6 ~  t o  1 , l p )  and w i t h  o s c i l l a t i o n  l i n e  wid ths  approach ing  0.01A. 
S i n c e  t h i s  l i n e  w i d t h  i s  narrower  t h a n  many o f  t h e  a tmospher ic  a b s o r p t i o n  
l i n e s ,  s i g n i f i c a n t  d a t a  on t h e  s t r u c t u r e  of  t h e  a tmosphere  and q u a n t i t a t i v e  
a n a l y s i s  o f  a t m o s p h e r i c  p o l l u t a n t s  may be  o b t a i n e d  from t h e  l i n k  i l l u s t r a t e d  
above.  
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9; 
The OTES Repor t  s u g g e s t e d  t h a t  a s i m i l a r  exper iment  b e  conduc ted  u s i n g  t h e  
p a r a m e t r i c  o s c i l l a t i o n  t u n a b l e  l a s e r .  The low o u t p u t  power of t h e s e  d e v i c e s  
r e q u i r e d  t h e  u s e  o f  g i a n t  a p e r t u r e s  ( t y p i c a l l y ,  2-meter a p e r t u r e s )  i n  s p a c e .  
The p r e s e n t  s t a t e  of t h e  a r t  i n  dye l a s e r s  i s  1 0 ' ~ - j o u l e  o u t p u t  p e r  p u l s e  
r a d i a t e d  i n t o  a 5 - m i l l i r a d i a n  beam (approx imate ly  10 t i m e s  d i f f r a c t i o n  l i m i t e d ) .  
Undoubtedly t h i s  performance w i l l  b e  s u r p a s s e d  i n  t h e  f u t u r e .  T h u s , i t  i s  
now p o s s i b l e  t o  perform t h e  High-R5solut ion Atmospheric R e s o l u t i o n  Measurement 
Experiment w i t h  a n  o r b i t i n g  o p t i c a l  package w i t h  nomina l ly  a 10- t o  20-cm 
a p e r t u r e .  Thus, i t  i s  recommended t h a t  t h i s  exper iment  b e  t r a n s f e r r e d  t o  a n  
a l t e r n a t e  v e h i c l e  (e.g.,  e a r t h  r e s o u r c e s  s a t e l l i t e  o r  o p t i c a l  communication 
exper iment)  o r  be  c o n t a i n e d  a s  a p e r i p h e r a l  exper iment  t o  t h e  LTEP. 
J; 
Wischnia ,  H.F. :  Phase  A Study,  O p t i c a l  Technology Apol lo  Ex tens lon  System. 
Vol. 1, Perkin-Elmer Eng ineer ing  Repor t  No. 8900. October ,  1967, 
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EXPERIMENT NO a ,  30 - OPTICAL HETER0,DYNING ON EARTH 
(Deleted from t h e  2-Meter L T E ~ )  
/0.6 MICRON 
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DETERMINE THE LATERAL COUERENCE 
DIAMETER (Dc) AT 10 .6~  FROM PLOT 
O f  UETEROOYNE SIGNAL POWER V-9 
EFFECTIVE TELESCOPE DIAMETER 
SlG 
POWER 
\ L l l  - ROONO TELESCOPE APERTURE 
VARIABLE FIELD STOP 
OSCILLATOR 
BROAD BAND I R  -DETECTOR 
COOLED TO LIQUID HYDROGEN TEh 
Figu re  245 .  Opt i ca l  Heterodyning on Ear th  
The experiment o b j e c t i v e  i s  t o  determine t h e  ex t en t  t o  which atmospheric turbu-  
lence  a f f e c t s  space- to-Earth o p t i c a l  communications, when t h e  c a r r i e r  i s  10.6 
microns and o p t i c a l  heterodyne d e t e c t i o n  i s  employed on e a r t h ,  Atmospheric 
tu rbulence  w i l l  produce phase f l u c t u a t i o n s  i n  t h e  o p t i c a l  s i g n a l .  These f l u c -  
t u a t i o n s  a r e  t h e  r e s u l t  of r e f r a c t i v e  index changes produced mainly by random 
temperature  v a r i a t i o n s .  
This  experiment r e q u i r e s  a synchronous o r b i t  f l i g h t  such a s  t h e  Laser Communica- 
t i o n  S a t e l l i t e  Experiments. It can no t  be  conducted on the  2-meter OTES a t  t h e  
planned 260 n.m. a l t i t u d e .  
I n  Report 8500 s t a r t i n g  on page 1-197, Experiment No. 30 i s  analysed i n  consid- 
e r a b l e  d e t a i l .  The m a t e r i a l  i s  no t  repea ted  here,  bu t  i t  r ep re sen t s  t h e  b a s i s  
f o r  t h e  conduct of a synchronous o p t i c a l  technology f l i g h t .  
A b a s i c  problem i n  t h e  use of 10.6 micron l a s e r  l i g h t  f o r  deep-space l a s e r  com- 
munications was unearthed i n  t h e  beginning of t h e  p re sen t  phase of work, De- 
s p i t e  t h e  removal o f  t h i s  experiment from t h e  2-meter OTES, t h e  a n a l y s i s  i s  s o  
g e m n e  t o  t h e  development of t h i s  phase of o p t i c a l  t echnology , . tha t  i t  is  in- 
cluded i n  Perkin-Elmer Report 8900 as p a r t  of chap te r  5 s ta r2dng on page 1-474. 
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EXPERIMENT NO. 3 1  - OPTICAL HETERODYNING, IN SPACE (Deleted- 
- .  - 
T h i s  experiment i s  t o  o b t a i n  l a s e r  communication t e c h n o l o g  
d a t a .  S ince  communication technology i s  no longer  an  o b j e c  
i v e  of LTEP, t h i s  exper iment  i s  d e l e t e d . )  
MODE CONTROLLED 
LOCAL OSCILLATOR 
h= 6328 A 
GROUND BEACON 
A= 6328 DOPPLER 
CORRECTED + EARTHSHI NE 
INPUT TO SPACE TELESCOPE '\\\ 
F i g u r e  246. O p t i c a l  ~ e t e r o d ~ n i n ~   Space 
Experiment O b j e c t i v e  
The o b j e c t i v e  of t h i s  exper iment  i s  t h e  development o f  s u f f i c i e n t  e n g i n e e r i n g  
e s n a r i e n c e  w i t h  t h e  d e s i g n  and o p e r a t i o n  of a spaceborne o p t i c a l  he te rodyne  s y s -  
tem s o  t h a t  i t s  f e a s i h i l i t y ,  r e l i a b i l i t y ,  performance,  and c o s t  can be evalu- 
a t e d  r e l a t i v e  t o  an  a l t e r n a t e  i n t e n s i t y  d e t e c t i o n  scheme u s i n g  p r e d e t e c t i o n  f i l t e r -  
ing .  Due t o  t h e  low e a r t h  o r b i t  of  t h e  2-meter OTES, moderate ly  l a r g e  Doppler 
s h i f t s  w i l l  be developed i n  t h e  o p t i c a l  c a r r i e r .  The development o f  t e c h n i q u e s  
t h a t  can accommodate l a r g e  Doppler s h i f t s  w i l l  be  a i d e d  by t h e  conduct of 
Experiment No. 31. 
Experiinent: Ju.stT.ffca t i o n  
The advantage of o p t i c a l  he te rodyne  d e t e c t i o n  i n  s p a c e  appears  a t  p r e s e n t  t o  b e  
s u b s t a n t i a l l y  outweighed by s e v e r a l  d i s a d v a n t a g e s :  t h e  requirement  f o r  h i g h -  
power, f r e q u e n c y - s t a b i l i z e d ,  and mode-control led  l a s e r s ;  s e v e r e  t u n i n g  r e q u i r e -  
ment; and t h e  n e c e s s i t y  f o r  broadband p h o t o d e t e c t o r s .  
C a r e f u l  examina t ion  of t h e  m i s s i o n  paramete rs  f o r  a  deep-space p l a n e t a r y  
o r b i t e r  i s  r e q u i r e d  b e f o r e  a  d e c i s i o n  can be made a s  t o  whether  o p t i c a l  
he te rodyne  d e t e c t i o n  i n  s p a c e  h a s  s u f f i c i e n t  advantages  over  i n t e n s i t y  
d e t e c t i o n  t o  j u s t i f y  t h e  a d d i t i o n a l  equipment complexi ty .  The proposed 
experiment would p r o v i d e  t h e  f l i g h t  e x p e r i e n c e  t y p e  of d a t a  f o r  t h i s  t e c h n i q u e .  
Report  No. 980Q 
EXPERIMENT . NO. , . 3 . 2 . - . . ATMOSPHERIC . ,EFFECTS ,ON ,POLAR1 Z A T I O N  
( ~ e l e t e d  from t h e  2-Meter LTEP ) 
FLUCTUATIONS I N  
POLAR1ZATION 
ADVERSELY AFFECT : 
ROLL 
L I N E  O F  
5 l G  H T  
ACCURACY. 
I P O L A R I Z A T I O N  RLOS TOLERANCE 
1 1 SN 
P U L S E  CODE 
MODUL ATlON ( USING POLARIZED LIGHT ) 
COMMUNICATION 
SYSTEM. 
PCM/PL TOLERANCE 
N 15 0 
DEPOLARlZATl ON 
F i g u r e  24Fi  Atmpsph?ric E f f e c t s  on P o l a r i z a t i o n  
Experiment O b j e c t i v e s  
The o b j e c t i v e  of Ex2eriment No. 32 i s  t h e  measurement of p o l a r i z a t i o n  e f f e c t s  
of t h e  atmosphere on a down-going l a s e r  beam. The i n t e r a c t i o n  of a magnet ic  
f i e l d  (such a s  t h e  E a r t h ' s  magnet ic  f i e l d )  w i t h  a m a t e r i a l  medium (such a s  t h e  
atmosphere) causes  a r o t a t i o n  o f  t h e  p l a n e  of p o l a r i z a t i o n  o f  t r a n s m i t t e d  
l i g h t .  T h i s  i s  t h e  Faraday e f f e c t .  For  t h e  ~ a r t h ' s  atmosphere,  a Faraday 
r o t a t i o n  of t h e  o r d e r  of 1 arc-minute  may be  observed.* Faraday r o t a t i o n  i s  
unimportant  t o  communications* and a t t i t u d e  c o n t r o l ,  b u t  t h e r e  may be o t h e r  
unknown e f f e c t s  . 
T h i s  exper iment  i s  i m p r a c t i c a l  t o  conduct from t h e  2-meter OTES a t  t h e  260 
n a u t i c a l  m i l e  o r b i t .  Gxperiment 32 remains a recommended o p t i c a l  t echnology  
exper iment ,  b u t  i t  shou ld  be conducted from synchronous o r b i t .  F u r t h e r  d e t a i l s  
on t h e  exper iment  can be  found i n  Perkin-Elmer Report  No. 8500 s t a r t i n g  on 
page 1-215. 
* 
Derived i n  Perkin-Elmer Report  No. 7846, pages 3-24. 
drk 
P e t e r s ,  W.N. and Arguel lo ,  R. J., Fading and P o l a r i z a t i o n  Noise of a 
PCM/PL System, IEEE Conference on Laser  Engineer ing and Appl ica t ions ,  June  1967. 
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EXPERmENT NO. 33 - CLEAR . . AIR TURBULENCE RESEARCH 
(Dele ted  from t h e  2 - ~ e t e r ~ ~ ~ ~ A s t r o n o m ~  ~ e l e s c o p e )  
S C I N T I L L A T j O N  M0t.l I O R  
),- SYNCURONOUS 
S A T E L L I T E  MONITORED 
SCINTILLATION 
INTENSITY FROM 
RETKOREFLECTOR~I filCEOWAVE COMMUNICATION \ L I N K  TO AIRCCEAFT S I T U A T E D  
IN SUSPECTEO C A T  AREA 
T, TL 73 T+ 
T I M E  
RETEO & 2  
INSTeUMENTED \ AIRCRAFT 
. - -.<- 
. - 
F i g u r e  248./Measurement of .Clear A i r  Turbulence 
Exper.iment O b j e c t i v e  
The o b j e c t i v e  of t h e  proposed exper iment  i s  t o  u t i l i z e  t h e  spaceborne l a s e r  
t e l e s c o p e  system of t h e  OTES Program t o  a i d  t h e  C l e a r  A i r  Turbulence (CAT) 
r e s e a r c h  a c t i v i t i e s .  A t  p r e s e n t ,  one of t h e  most d i f f i c u l t  problems f a c i n g  
r e s e a r c h  workers i s  l o c a t i n g  t h e  C l e a r  A i r  Turbulence a r e a .  The proposed 
exper iment  would a s s i s t  by t a k i n g  advantage o f  t h e  programmable l a s e r  beam 
aboard a synchronous s p a c e c r a f t ,  which can be d e t e c t e d  a f t e r  p a s s i n g  th rough  
t h e  s u s p e c t  r e g i o n s  d u r i n g  t h e  daytime as w e l l  a s  t h e  night ime.  The concep t  
of t h e  exper iment  s tems from t h e  t h e o r e t i c a l  work t h a t  h a s  been done i n  
c o r r e l a t i n g  s t a r l i g h t  image s c i n t i l l a t i o n  t o  CAT. I f  t h e r e  i s  c o r r e l a t i o n  
between s t a r l i g h t  s c i n t i l l a t i o n  and CAT, t h e n  t h e r e  w i l l  be c o r r e l a t i o n  
between l a s e r  l i g h t  and CAT. S ince  t h e  r e a l  problem i s  t o  l o c a t e  t h e  a r e a  
where CAT e x i s t s ,  t h e  BTES can make a r e a l  c o n t r i b u t i o n  by u s i n g  i n e x p e n s i v e  
and una t tended  r e t r o r e f l e c t o r s  a t  v a r i o u s  s i t e s  on t h e  . By p r o g r a m i n g  
t h e  l a s e r  beam from t h e  s a t e l l i t e  t o  t h e s e  a r e a s  (and n o t e  t h a t  an ex t remely  
l a r g e  number of r e t r o r e f l e c t o r s  can be used,  because  t h e i r  c o s t  i s  low), 
t h a t  a r e a  where CAT i s  i n d i c a t e d  can  be  i n v e s t i g a t e d  by an ins t rumented  c h a s e  
p lane .  
PERKIN-ELMER 
Spacecraft 
Report  No, 9800 
Laser Source or 
S t r i p  Mirror 
Fan Shaped 
Laser Probe 
Illuminated 
Scattering 
F i g u r e  249. Measurement of O p t i c a l  S c a t t e r i n g  
Observa t ions  made by s e v e r a l  a s t r o n a u t s  from t h e  Mercury and Gemini v e h i c l e s  
sugges t  t h a t  l i m i t i n g  o p t i c a l  enviromnenty,~f  t h e  s p a c e c r a f t  i s  de te rmined  by t h e  
amount of d e b r i s  su r rounding  t h e  v e h i c l e .  S u n l i g h t  s c a t t e r e d  from t h e  d e b r i s  
p r o v i d e s  a  background r a d i a n c e  which has ,  s o  f a r ,  p reven ted  v i s u a l  o b s e r v a t i o n  
of s t a r s  g r e a t e r  t h a n  second magnitude. The o b j e c t  of t h e  exper iment  i s  t o  
g i v e  a  q u a n t i t a t i v e  measure o f  t h e  amount o f  s u n l i g h t  s c a t t e r e d  i n t o  an o r b i t -  
i n g  t e l e s c o p e  by t h e  c loud  o f  d e b r i s  accompanying t h e  s p a c e c r a f t .  The measure- 
ments shou ld  a l s o  b e  made u s i n g  a  monochromatic beam t o  h e l p  i n  de te rmin ing  t h e  
s c a t t e r i n g  f u n c t i o n  f o r  t h e  p a r t i c l e s  a s  a  f u n c t i o n  o f  s c a t t e r i n g  angle .  
The s c a t t e r e d  l i g h t  from a  p a r t i c l e  i n  f r o n t  of t h e  t e l e s c o p e  can a d v e r s e l y  
a f f e c t  an o r b i t i n g  t e l e s c o p e  i n  two ways: 
e By p r o v i d i n g  a  uniform background i r r a d i a n c e  i n  t h e  t e l e -  
scope f o c a l  p l ane  which, i n  t u r n ,  de te rmines  t h e  magnitude 
of t h e  dimmest s t a r  t h a t  can b e  d e t e c t e d .  
e By producing m i s p o i n t i n g  i n  t h e  t r a c k i n g  system. 
See a l s o  V o l w e , I Z ,  S e c t i o n , ,  , 
** 
Mey, $.Pa ; Huch, W. F. : Science  E, J u l y  1966. 
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I f  t h e  s c a t t e r i n g  from i n d i v i d u a l  p a r t i c l e s  i s  i s o t r o p i c ,  t h e y  w i l l  not  b e g i n  
t o  be imaged a t  t h e  i n f i n i t y  focus  i f  t h e y  a r e  w i t h i n  a  d i s t a n c e  
where 8 = t h e  t o t a l  f i e l d  of view of  t h e  t e l e s c o p e ,  and D i s  t h e  t e l e s c o p e  
a p e r t u r e .  T h e r e f o r e ,  f o r  a  l a r g e  a p e r t u r e ,  s m a l l  f i e l d - o f - v i e w  t e l e s c o p e ,  
i s o t r o p i c  s c a t t e r e r s  w i l l  produce a  uniform background i r r a d i a n c e  which w i l l  
d e c r e a s e  t h e  t r a c k i n g  system S I N  r a t i o .  The amount of s c a t t e r e d  l i g h t  per  
r e s o l v a b l e  ang le  de te rmines  t h e  l i m i t i n g  v i s u a l  magnitude which can  be de- 
t e c t e d .  I f  t h e  s c a t t e r i n g  f u n c t i o n  c o n t a i n s  s t r o n g  forward o r  s i d e  l o b e s ,  
whose a n g u l a r  width  i s  l e s s  t h a n  8, t h e  p a r t i c l e  w i l l  be  "imaged" f o r  d i s t a n c e s  
l e s s  t h a n  R The p a r t i c l e  t h u s  behaves a s  a  " s t a r "  and can s e r i o u s l y  a f f e c t  c' t h e  t r a c k i n g  system. 
The i l l u s t r a t i o n  a t  t h e  beg inn ing  o f  t h e  experiment shows t h e  proposed method 
of measuring t h e  s c a t t e r i n g  f u n c t i o n  as  a  f u n c t i o n  o f  a n g l e  y  and d i s t a n c e  
o f  t h e  s c a t t e r i n g  volume i n  f r o n t  o f  t h e  t e l e s c o p e ,  R. The t e l e s c o p e  i s  
mounted t o  a  space  v e h i c l e  which i s  o r i e n t e d  s o  t h a t  t h e  t e l e s c o p e  l i n e  of 
s i g h t  n e a r  t h e  f r o n t  of t h e  t e l e s c o p e  i s  w i t h i n  t h e  shadow o f  t h e  space  
v e h i c l e .  A l i g h t  beam whose l a t e r a l  s i z e  i s  much l a r g e r  t h a n  t h e  t e l e s c o p e  
a p e r t u r e  ( t o  reduce t h e  need f o r  p r e c i s e  probe beam p o i n t i n g )  i s  d i r e c t e d  
o n t o  v a r i o u s  p a r t s  o f  t h e  shadow reg ion .  The l i g h t  beam can e i t h e r  be a  
fan-shaped l a s e r  beam o r  can be  produced by u s i n g  a  s t r i p  m i r r o r  t o  r e f l e c t  
s u n l i g h t  i n t o  t h e  shadow reg ion .  
'Experiment Discuss ioq  
Large D e b r i s  P a r t i c l e s  
Many t h e o r e t i c a l  models can b e  used t o  e s t i m a t e  t h e  amount o f  s c a t t e r i n g  from 
molecules  and p a r t i c l e s  of d e b r i s  i n  t h e  f r o n t  of t h e  a p e r t u r e .  The s c a t t e r i n g  
from p a r t i c l e s  whose d i a m e t e r s  a r e  much l a r g e r  t h a n  t h e  wavelength o f  t h e  
s c a t t e r e d  r a d i a t i o n  (d > 10h) can be e s t i m a t e d  i f  i t  i s  assumed t h a t  t h e  
p a r t i c l e  i s  a  Lambertian r e f l e c t o r  and a l s o  d i f f r a c t s  l i g h t  i n t o  t h e  forward 
d i r e c t i o n .  
The amount of l i g h t  s c a t t e r e d  i n t o  a  d i r e c t i o n ,  y from a  Lambertian s p h e r e  
S 
!2 i l l u m i n a t e d  by s u n l i g h t  o f  i n t e n s i t y  I (wat ts lcm ) can  be  d e s c r i b e d  by 
2 2 I = I - r [(n-y) cosy + s i n y ]  w a t t s l s t e r a d i a n  
s n 3  
where r = p a r t i c l e  r a d i u s  and p i s  t h e  p a r t i c l e  r e f l e c t i v i t y .  The amount of 
l i g h t  s c a t t e r e d  i n t o  each r e s o l v a b l e  ang le  of t h e  t e l e s c o p e  i s  t h u s  
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L 
I = I  ~2 2 r2  [(s-y)  cosy  + s iny]  ( $  * 1.22 h) w a t t s / r e s .  e lement  
S X  3  D 4 
T h i s  is  shown a s  a  f u n c t i o n  of s c a t t e r i n g  a n g l e  and p a r t i c l e  s i z e  f o r  a  1-meter 
a p e r t u r e  t e l e s c o p e  i n  F i g u r e  161. .Since  t h e  peak s o l a r  r a d i a t i o n  o c c u r s  for '  
A -- 0 .5  micron,  a  v a l u e  o f  1.22 x  5  x lom7 i s  t a k e n  a s  t h e  a n g u l a r  l i m i t  of  
r e s o l u t i o n .  C a l c u l a t i o n  of t h e  t o t a l  amount of l i g h t  s c a t t e r e d  i n t o  t h e  t e l e -  
scope r e q u i r e s  a  knowledge o f  t h e  s i z e  and number d e n s i t y  d i s t r i b u t i o n  o f  t h e  
d e b r i s  p a r t i c l e s ,  b u t  i s  independent  of d i s t a n c e  i n  f r o n t  of t h e  t e l e s c o p e  f o r  
ranges  l e s s  t h a n  R c' 
F i g u r e 2 5 0  a l s o  i n c l u d e s  a s t a r  magnitude s c a l e  c a l c u l a t e d  by assuming t h e '  
s u n ' s  u s u a l  magnitude = -27 and t h a t  a  1-meter d iamete r  d i s h  i s  used t o  image 
a  s t a r .  The curves  i n d i c a t e  t h e  s e v e r i t y  of t h e  problem s i n c e  t h e  s c a t t e r e d  
power p e r  r e s o l u t i o n  e lement  i s  shown f o r  on ly  _one p a r t i c l e  of a  g iven  r a d i u s  
i n  f r o n t  of t h e  t e l e s c o p e .  I n  p r a c t i c e ,  one e x p e c t s  many thousands  o f  d e b r i s  
p a r t i c l e s  t o  c o n t r i b u t e  t o  t h e  s c a t t e r i n g . *  
The forward s c a t t e r e d  power p e r  r e s o l u t i o n  e lement  can be  c a l c u l a t e d  £ r a n  d i f -  
f r a c t i o n  t h e o r y  by assuming from ~ a b i n e t ' s  p r i n c i p l e  t h a t  t h e  t o t a l  s c a t t e r e d  
power i s  g iven  by 
L 
r I w a t t s / 4 s  s t e r a d i a n  
S 
The a n g u l a r  dependence is g i v e n  by** 
27rr 
where u  = -h s i n $ ,  I ( o )  i s  t h e  i n t e n s i t y  i n  t h e  forward d i r e c t i o n .  S i n c e  
most of t h e  l i g h t  goes  i n t o  t h e  f i r s t  two maxima of  t h e  d i f f r a c t i o n  p a t t e r n  
and, assuming a n g l e s  s u f f i c i e n t l y  s m a l l  such t h a t  s i n $  - $, cosp - 1, i t  can  
be shown approximately** t h a t  
The d i f f r a c t e d  power p e r  r e s o l u t i o n  element i s  d e r i v e d  as  
-- 
* 
Newkirk, 6 .  Jr. : P l a n e t a q  & Space Science,  August, 1967, p. 1267. ' W h i t t e d  
August 1966. 
** 
Middleton:  V i s i o n  Through t h e  Atmosphere. P. 31, Equat ion (3-13). 
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The envelope of t h e  f u n c t i o n  I i s  c a l c u l a t e d  from t h e  s y m p t o t i c  expansion 
* d i  f f  
f o r  ~ ~ ( u ) ,  i . e . ,  
0 s  (u - F) + e  lm(u)rterms of o r d e r  
and i s  shown i n  F i g u r e  251  a s  a  f u n c t i o n  of p a r t i c l e  r a d i u s  and s c a t t e r i n g  
a n g l e  y = (z-$). 
The d i f f r a c t e d  l i g h t  o c c u r s  most s t r o n g l y  i n  t h e  forward d i r e c t i o n  and, f o r  
t h i s  r eason ,  w i l l  n o t  l i m i t  t h e  performance of an  o r b i t i n g  t e l e s c o p e  s i n c e  a  
t e l e s c o p e  cannot be  used c l o s e  t o  t h e  sun l i n e .  
Smal l  P . a r t i c 1 . e ~  
The s c a t t e r i n g  from s m a l l  p a r t i c l e s  (0.1 t o  5 micron) can  be  computed 
r i g o r o u s l y  by u s i n g  Mie s c a t t e r i n g  f u n c t i o n s  which a r e  w e l l  t a b u l a t e d  a s  
f u n c t i o n s  of p a r t i c l e  s i z e ,  r e f r a c t i v e  index  and wavelength.  L i t t l e  i s  known 
about t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o r  t h e  p a r t i c l e  r e f r a c t i v e  index f o r  
space  d e b r i s  and consequen t ly  meaningful  c a l c u l a t i o n s  have n o t  been performed 
a t  p r e s e n t .  
I n  thg*photograph (F igure  252) s u p p l i e d  by D r .  Newkirk i n  a  p r e p r i n t  a£ h i s  
paper ,  t r a c k s  o f  s c a t t e r e d  l i g h t  from d u s t  motes f l o a t i n g  i n  f r o n t  of a  
ba l loon-borne  coronograph a r e  p l a i n l y  v i s i b l e .  T h i s  i l l u s t r a t i o n  i s  g r a p h i c  
e v i d e n c e  o f  t h e  need t o  c o l l e c t  d a t a  i n  t h i s  s c a t t e r e d  l i g h t  a r e a  i n  s p a c e  
i n  o r d e r  t o  proceed wi th  f u t u r e  space  o b s e r v a t i o n s .  
* 
Abramowitz, M. ; Stegun, I. A. : Handbook of Fiathematical  Func t ions  
** 
Newkirk, G . ,  Jr. : P l a n e t a r y  and Space Science.  To be  Pub l i shed .  
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F i g u r e  252. L i g h t  S c a t t e r i n g  by Dust Motes 
E x ~ e r i m e n t  P r o c e d u r e  
The e x p e r i m e n t  measu res  t h e  amount o f  l i g h t  t h a t  i s  s c a t t e r e d  i n t o  t h e  t e l e -  
s c o p e  f i e l d  o f  v i e w  by d e b r i s  p a r t i c l e s  o r b i t i n g  w i t h  t h e  s p a c e c r a f t  and 
t e l e s c o p e  sys t em.  As shown i n  F i g u r e  253, t h e  s p a c e c r a f t  i s  o r i e n t e d  so 
t h a t  t h e  t e l e s c o p e  i s  p o i n t i n g  away from t n e  s u n  w i t h  i t s  o p t i c a l  a x i s  a l i g n e d  
a l o n g  t h e  d i r e c t i o n  of tk s o l a r  v e c t o r .  A modula ted  l i g h t  s o u r c e  (He-Ne 
l a s e r )  o r  r e f l e c t e d  s u n l i g h t  i s  t h e n  u s e d  t o  i l l u m i n a t e  t h e  s c a t t e r i n g  p a r t i c l e s  
i n  f r o n t  o f  t h e  t e l e s c o p e .  The s t r i p  m i r r o r  r e d i r e c t s  s u n l i g h t  i n t o  t h e  r e g i o n  
i n  f r o n t  o f  t h e  t e l e s c o p e  s o  t h a t  t h e  t o t a l  s c a t t e r e d  l i g h t  c a n  be  measured 
a s  a  f u n c t i o n  o f  t h e  d i s t a n c e  i n  f r o n t  of  t h e  t e l e s c o p e  a p e r t u r e .  
The l a s e r  s o u r c e  i s  used  t o  o b t a i n  s c a t t e r i n g  d a t a  f o r  a  s p e c i f i c  wave leng th  
by  i l l u m i n a t i n g  t h e  p a r t i c l e s  w i t h  a  f an - shaped  beam. The s i n g l e  wave leng th  
r e s u l t s  w i l l  s i m p l i f y  t h e  d a t a  r e d u c t i o n  r e q u i r e d  t o  e s t i m a t e  t h e  s i z e  and 
p a r t i c l e  d i s t r i b u t i o n  around t h e  s p a c e c r a f t .  
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EXPERIMENT NO. 35 - STELLAR INTERFEROMETRY 
Experiment O b j e c t i v e  
The u t i l i t y  of l a u n c h i n g  a n  o r b i t i n g  Michelson s t e l l a r  i n t e r f e r o m e t e r  i s  examined 
i n  t h e  s e c t i o n  on Astronomical  U t i l i z a t i o n  w i t h  t h e  recommendation t h a t  t h e  i n t e r -  
f e r o m e t e r  b a s e l i n e  shou ld  exceed 100 m e t e r s  i f  u s e f u l  d a t a  i s  t o  be  o b t a i n e d .  
T h i s  i s  a  s i g n i f i c a n t  s t r u c t u r a l  c o m p l i c a t i o n  t o  t h e  LTEP d e s i g n  concep t .  (See 
F i g u r e  254 . )  However, c o n s i d e r i n g  t h e  ex tended  o p e r a t i o n a l  l i f e t i m e  of  t h e  LTEP 
i n  c o n j u n c t i o n  w i t h  t h e  l a r g e  c a r g o  bay and low launch  c o s t  of  t h e  s p a c e  s h u t t l e ,  
t h e  r e t r o f i t  of t h e  LTEP t o  a c c e p t  a  Michelson s t e l l a r  i n t e r f e r o m e t e r  i s  a  d i s t i n c t  
p o s s i b i l i t y ,  The o r i g i n a l  Michelson exper iment  was a n  i m p r e s s i v e  accomplishment 
because  of s o p h i s t i c a t e d  o p t i c a l  i n s t r u m e n t a t i o n  and a s  a  fundamental  d e m o n s t r a t i o n  
o f  o p t i c a l  coherence theory .  An o p t i m i s t  w i l l  a r g u e  t h a t  t h e  o r i g i n a l  r e s u l t s  
of Michelson can  be e a s i l y  extended by a n  o r b i t i n g  sys tem because  of t h e  absence  
of p e r t u r b i n g  a t m o s p h e r i c  e f f e c t s  i n  space .  The p e s s i m i s t  w i l l  a l s o  q u i t e  
c o r r e c t l y  a r g u e  t h a t  t o  launch,  e r e c t ,  and o p e r a t e  a n  i n s t r u m e n t  of  d imens ions  
exceed ing  300 f e e t  w i t h i n  sub  a rc - second  accuracy ,  wavelength  t o l e r a n c e  w i l l  
be  exceed ing ly  d i f f i c u l t .  
The o b j e c t i v e  of  t h i s  exper iment  is  t o  t e m p o r a r i l y  c o n v e r t  t h e  o r b i t i n g  LTEP 
t o  a  s t e l l a r  i n t e r f e r o m e t e r .  Measurements on t h e  d imens iona l  s t a b i l i t y  of  t h e  
s t r u c t u r e  w i l l  be  of  g r e a t  importance  i n  t h e  d e s i g n  and f a b r i c a t i o n  of  even 
l a r g e r  s t e l i a r  i n t e r f e r o m e t e r s  i n  t h e  f u t u r e .  
~ x ~ e ' r i m e n t  J u s t  i f  i c a t i o n  
The exper iment  j u s t i f i c a t i o n  i s  d i s c u s s e d  i n  s i g n i f i c a n t  d e t a i l  i n  Chapter  3  O n  
As t ronomica l  U t i l i z a t i o n ,  
B a s i c  Experiment Hardware 
The f o l l o w i n g  d i s c u s s i o n  w i l l  p r e s e n t  a  sys tem w i t h  s u p p o r t i n g  p r e l i m i n a r y  
c a l c u l a t i o n s  which i s  a  v i a b l e  a l t e r n a t i v e  ( F i g u r e  255 ) t o  t h e  c l a s s i c  con- 
f i g u r a t i o n  f o r  t h e  Michelson i n t e r f e r o m e t e r .  The t e c h n i q u e  u t i l i z e s  t h e  c l a s s  
of prisms* which have a  c o n s t a n t  d e v i a t i o n  p r o p e r t y .  The two p r i sms  which 
were c o n s i d e r e d  i n  t h i s  a n a l y s i s  a r e  t h e  p e n t a  p r i sm and roof  pen ta  p r i s m  
(penta  p r i sm w i t h  one r e f l e c t i n g  s u r f a c e  r e p l a c e d  by a  roof  p r i s m ) .  Using 
m a t r i x  n o t a t i o n ,  t h e  requ i rement  of  a  p r i s m  sys tem f o r  t h e  a p p l i c a t i o n  b e i n g  
c o n s i d e r e d  i s  
- 
where I. and I a r e  3 - v e c t o r s  r e p r e s e n t i n g  t h e  d i r e c t i o n  c o s i n e s  o f  t h e  i i n p u t  and o u t p u t ,  r e s p e c t i v e l y .  
PI, P2  a r e  t h e  m a t r i x  o p e r a t o r s  f o r  t h e  p r i sms  of F i g u r e  255. 
The Michelson s t e l l a r  i n t e r f e r o m e t e r  w i l l  have  no e r r o r s  i f  t h e  p r i sms  P1 and P2 
have t h e  f o l l o w i n g  p r o p e r t y :  
* 
The word "prism" in t h i s  s e c t i o n  shou ld  b e  c o n s t r u e d  t o  mean a  s e r i e s  o f  f i r s t  
s u r f a c e  m i r r o r s  o r i e n t e d  i n  t h e  same sequence  a s  t h e  s u r f a c e s  of  t h e i r  c l a s s i c  
s o l i d  g l a s s  a n a l o g s .  T h i s  t y p e  of  c o n s t r u c t i o n  o b v i a t e s  t h e  a b e r r a t i o n s  
caused by changes i n  t h e  index  of r e f r a c t i o n ,  
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Figure 254. Two-Meter Telescope Modified for Michelson Interferometer 
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(2 
where I i s  t h e  i d e n t i t y  m a t r i x  
By c a l c u l a t i o n  one can  d e t e r m i n e  t h a t  p a i r s  of pen ta  p r i sms  ( a s  i n  F i g u r e  255) 
o r  p a i r s  o f  roof  pen ta  p r i sms  have t h e  p r o p e r t y  r e q u i r e d  by Equa t ion  (2) .  
However, t h i s  p r o p e r t y  i n  i t s e l f  i s  of  no consequence s i n c e  two p r o p e r l y  
o r i e n t e d  m i r r o r s  o f  t h e  Michelson s t e l l a r  i n t e r f e r o m e t e r  have t h e  same p ro-  
p e r t y  a s  Equa t ion  (2) .  The advan tages  of  t h e  p r i sm sys tems a r e  r e a l i z e d  when 
one i n t r o d u c e s  e r r o r s  i n t o  v a r i o u s  e lements  of t h e  sys tem and  t h e n  n o t e s  
t h e  change i n  sys tem performance.  
Before  p r e s e n t i n g  r e s u l t s  of  t h i s  a n a l y s i s ,  a  b r i e f  d i s c u s s i o n  of e r r o r s  f o r  
a  ground-based Michelson s t e l l a r  i n t e r f e r o m e t e r  w i l l  b e  p r e s e n t e d .  
E r r o r s  f o r  a  Ground-based Michelson S t e l l a r  I n t e r f e r o m e t e r  
P o l a r i z a t i o n  - Since  t h e  p o l a r i z a t i o n  p e r t u r b a t i o n  caused  by t h e  a tmosphere  
i s  on o r d e r  of  a rc -minu tes ,  i t  i s  excluded a s  a  s o u r c e  o f  e r r o r  from a l l  
i n t e r f e r e n c e  exper iments .  
Mechanical  D i s t u r b a n c e s  Wi th in  t h e  Ins t rument  - The problems o f  b o t h  "high" 
f requency  v i b r a t i o n s  and s t r u c t u r a l  bend ing  and r o t a t i o n  of t h e  e lements  i n  
~ i c h e l s o n ' s  exper iment  were c i rcumvented by u s i n g  a  v e r y  s t i f f  (and heavy) 
s t r u c t u r e  f o r  p o s i t i o n i n g  t h e  remote  m i r r o r s .  T h i s  l u x u r y  i s  u n a c c e p t a b l e  
i n  a  s p a c e  miss ion .  Also, i t  can b e  i n f e r r e d  from d i s c u s s i o n s  of i n c r e a s e d  
b a s e l i n e s  f o r  o r b i t i n g  s t e l l a r  i n t e r f e r o m e t e r s  t h a t  a  major  s o u r c e  of e r r o r  
i s  expec ted  t o  r e s u l t  from t h e  d i sp lacement  and r o t a t i o n  of  t h e  remote 
* 
m i r r o r s .  Compensation f o r  t h i s  e r r o r  i s  t h e  m o t i v a t i o n  f o r  d e v e l o p i n g  
t h e  d e s i g n  of  F i g u r e  255. 
The m i r r o r  a n g u l a r  a l ignment  t o l e r a n c e  o f  t h e  c l a s s i c  Michelson i n t e r f e r o m e t e r  
i s  a  f r a c t i o n  h/d ,  where d  i s  t h e  e n t r a n c e  p u p i l  ( t y p i c a l l y  t h e  d i a m e t e r  o f  
t h e  remote m i r r o r ) .  L i n e a r  mot ion p a r a l l e l  t o  t h e  o p t i c  a x i s  w i l l ,  i n  g e n e r a l ,  
i n t r o d u c e  v i g n e t t i n g .  As w i l l  b e  d i s c u s s e d ,  t h e  i n t e r f e r o m e t e r  h a s  t h e  
a d d i t i o n a l  c o n s t r a i n t  t h a t  bo th  o p t i c a l  p a t h  l e n g t h s  must be  e q u a l  w i t h i n ,  t y p i c a l l y ,  
t e n s  of  hundreds  of wavelengths .  Thus, a n g u l a r  t o l e r a n c e  i s  on t h e  o r d e r  of  a  
f r a c t i o n  of a n  arc-second and l i n e a r  d imens iona l  t o l e r a n c e  a s  s m a l l  a s  0.001 
i n c h  can be  expected.  
* 
F a c t o r s  such a s  g r a v i t y  g r a d i e n t  may i n t r o d u c e  s i g n i f i c a n t  t o r q u e s  on t h e  
s t r u c t u r e .  
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The d i s c u s s i o n  of a l ignment  t o l e r a n c e s  f o r  t h e  proposed o r b i t i n g  sys tem 
r e q u i r e s  s e v e r a l  a s sumpt ions :  
1) Each p e n t a  p r i s m  h a s  no i n t r i n s i c  e r r o r s .  
2)  Pr isms P2 and P3 a r e  o r i e n t e d  w i t h i n  a  r i g i d  s t r u c t u r e  such t h a t  
a l l  m i r r o r  normals  a r e  cop lanar .  
3 )  Aper tu res  of  P2 and P  a r e  l i m i t e d  s u f f i c i e n t l y  l a r g e  t o  o b v i a t e  
v i g n e t t i n g .  3  
4 )  Only e r r o r s  caused by t r a n s l a t i o n  on r o t a t i o n  o f  remote pr isms a r e  
s i g n i f i c a n t .  
Although r e a l i z a t i o n  of t h e s e  t o l e r a n c e s  i s  by no means t r i v i a l ,  t h e  t e c h n i q u e  
of  u t i l i z i n g  p r i sms  h a s  t r a n s f e r r e d  t h e  d i f f i c u l t y  of  m a i n t a i n i n g  two m i r r o r s  
s e p a r a t e d  by over  100 f e e t  a l i g n e d  w i t h i n  a rc - seconds  (ground-based i n s t r u -  
ment) t o  t h e  problem of m a i n t a i n i n g  a l ignment  of t h e  m i r r o r  s u r f a c e s  of t h e  
i n d i v i d u a l  pr isms and t h e  a l ignment  of P  t o  P  t o  t y p i c a l l y  arc-seconds  
* 2  ( o r b i t i n g  i n s t r u m e n t ) .  The r e s u l t i n g  t r a d e  02 i n c r e a s e d  complexi ty  f o r  
r e l a x e d  t o l e r a n c e s  i n  t h e  a l ignment  of t h e  remote m i r r o r s  (Prisms P  and 
P  ) i s  t h u s  j u s t i f i e d .  1 4 
The remain ing  f a c t o r  t o  be cons ide red  i n  t h e  sys tem e r r o r  t r a d e - o f f  i s  t h e  
bandwidth of t h e  narrow band f i l t e r -  ~rown** shows t h a t  t h e  f r i n g e  v i s i b i l i t y  
i s  i n c r e a s e d  f o r  t h e  c a s e  when small e r r o r s  e x i s t  between t h e  p a t h  l e n g t h s  
of t h e  two i n t e r f e r o m e t e r  "arms". For  example, a n  o p t i c a l  bandwidth of 
100A (F igure  2 5 5 )  r e q u i r e s  t h a t  t h e  t o t a l  o p t i c a l  p a t h  l e n g t h s  through t h e  
two arms of t h e  i n s t r u m e n t  may no t  v a r y  more t h a n  1 o r  2  waves. T h i s  i s  i n -  
c r e a s e d  t o  more t h a n  1000 waves i f  a  1 A  narrow band f i l t e r  i s  u t i l i z e d . ?  
T h i s  i s  f e a s i b l e ,  however, s i n c e  t h e  development of  t h e  s o l i d  s p a c e r  Fabry-  
P e r o t  f i l t e r s  which were f a b r i c a t e d  f o r  t h e  ATM Hydrogen-Alpha Telescope.  
Assuming a  4 -pe rcen t  sys tem e f f i c i e n c y  ( i n c l u d i n g  f i l t e r ,  PMI, o p t i c s ) ,  
l o6  p h o t o e l e c t r o n  / second  a r e  d e t e c t e d  from a  6 0 0 0 " ~  1 M  s t a r  i f  a  11 
bandpass i s  used .  ' There  i s  a n  obvious  t r a d e - o f f  between i n c r e a s e d  o p t i c a l  
bandwidth and f a i n t e r - c o l d e r  s t a r s .  
* 
P r e l i m i n a r y  a n a l y s i s  o f  a  s i m i l a r  o p t i c a l  sys tem (Perkin-Elmer Eng ineer ing  
Report  No. 8949) v e r i f i e s  t h i s  conc lus ion .  
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' ~ o l f e ,  W.L.: Handbook of M i l i t a r y  IR Technology.  U.S. P r i n t i n g  O f f i c e ,  
Washington, D . C . ,  1965, p. 114 
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Conc lus ion  
A complete  e r r o r  a n a l y s i s  i n c l u d i n g  bo th  f a b r i c a t i o n  e r r o r s  of t h e  i n d i v i d u a l  
p r i sms  and s t r u c t u r a l  e r r o r s  i s  r e q u i r e d  t o  v e r i f y  t h e  sys tem d e s i g n .  Assuming 
p o s i t i v e  r e s u l t s  from t h i s  a n a l y s i s ,  t h e  proposed t e c h n i q u e  p r o v i d e s  a n  
a u x i l i a r y  exper iment  which w i l l  p r o v i d e  s i g n i f i c a n t  new d a t a  on s t e l l a r  
d i a m e t e r s  w i t h  a n  a c c e p t a b l e  change i n  t h e  b a s i c  LTEP des ign .  
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EXPEX-IMEiuT NO. 36 - CRYOGENIC SPACE STRUCTURE (77 O K )  
The o b j e c t i v e  o f  t h i s  exper iment  i s  t o  o b t a i n  and m a i n t a i n  a  7 7 ' ~  ambient 
environment f o r  a  l a r g e  t e l e s c o p e  s t r u c t u r e  and i t s  o p t i c a l  system by 
p a s s i v e  means o v e r  long  p e r i o d s  of time, w h i l e  t h e  e a r t h  o r b i t i n g  sys tem 
i s  r e c e i v i n g  r a d i a n t  energy from t h e  sun and t h e  e a r t h .  The experiment 
i s  des igned  t o  permit  g a t h e r i n g  o f  e n g i n e e r i n g  d a t a  on t h e  c o l d  s t r u c t u r e ' s  
performance w h i l e  i n  e a r t h  o r b i t .  
* 
The o r b i t a l  astronomy s u p p o r t  f a c i l i t y  (OASF) s t u d y  h a s  demonstra ted t h e  
need f o r  a  7 7 ' ~  environment f o r  a n  i n f r a r e d  t e l e s c o p e  t o  be  used f o r  
a s t r o n o m i c a l  o b s e r v a t i o n s .  J u s t i f i c a t i o n s  f o r  o r b i t a l  i n f r a r e d  a s t r o n o m i c a l  
o b s e r v a t i o n s  and t h e  77°K tempera tu re  f o r  t h e  i n f r a r e d  t e l e s c o p e  environment 
a r e  p r e s e n t e d  h e r e .  
F i g u r e  256 i s  a  p l o t  of t h e  approximate  dep th  o f  p e n e t r a t i o n  f o r  e l e c t r o -  
magne t ic  r a d i a t i o n  i n c i d e n t  normal t o  t h e  atmosphere a s  a  f u n c t i o n  o f  wave- 
l e n g t h ,  The a r e a s  under t h e  curve  r e p r e s e n t  t h a t  a l t i t u d e  above t h e  e a r t h  
where t h e  r a d i a t i o n  h a s  been diminished t o  l / e  o f  i t s  e x t r a t e r r e s t r i a l  v a l u e .  
It i s  c l e a r  from t h e  f i g u r e  t h a t  t h e  e a r t h ' s  a tmosphere  b l a n k e t s  r a d i a t i o n  
from t h e  25p t o  t h e  microwave r e g i o n ,  and t h a t  l a r g e  p o r t i o n s  of t h e  1p 
t o  2 5 ~  range a r e  a l s o  b lanke ted .  The s i t u a t i o n  i n  t h e  i n f r a r e d  p o r t i o n  of 
t h e  spectrum would n o t  be  s o  arduous f o r  ground-based a s t r o n o m i c a l  obse rva-  
t i o n s  i f  t h e  e q u i v a l e n t  blackbody tempera tu re  o f  t h e  a tmosphere  were n o t  
about  3 0 0 ' ~  f o r  wavelengths  longer  t h a n  about  2 . 7 ~ .  A t  s h o r t e r  wavelengths  
d u r i n g  d a y l i g h t  h o u r s  s c a t t e r e d  s u n l i g h t  b e g i n s  t o  predominate,  whi le  a t  n i g h t ,  
OH emiss ion  and a i r g l o w  become impor tan t .  F i g u r e  257 summarizes t h i s  
s i t u a t i o n  f o r  i d e a l i z e d  s p e c t r a l  r a d i a n c e s  of t h e  sun,  e m i t t i n g  atmosphere,  
s u n l i t  c loud,  and s u n l i g h t - s c a t t e r i n g  c l e a r  sky.  I n  t h e  r e a l  world,  t h e  
e a r t h ' s  atmosphere h a s  t h e  h i g h e s t  e m i s s i v i t y  where t h e r e  a r e  s t r o n g  
a b s o r p t i o n  bands.  T h e r e f o r e ,  t h e  3 0 0 ' ~  sky curve  o f  F i g u r e  257 shou ld  be 
modi f i ed  a l o n g  t h e  g u i d e l i n e  t h a t  t h e  r a d i a n c e  o f  t h e  atmosphere cor responds  
t o  t h a t  of a  300°K blackbody when t h e  a tmosphere ' s  e m i s s i v i t y  = 1.0; a t  
lower e m i s s i v i t i e s ,  t h e  r a d i a n c e  i s  reduced a p p r o p r i a t e l y .  ~ i g u r e  258 p l o t s  
t h e  e m i s s i v i t y  o f  t h e  e a r t h ' s  atmosphere a s  measured from a  high a l t i t u d e  
o b s e r v i n g  s i t e  a t  4 . 6 2 ~ .  A t  t h i s  wavelength 86 p e r c e n t  o f  s o l a r  r a d i a t i o n  
a t  ground l e v e l  i s  absorbed  by a  wing o f  Hz0 and by N 2 0  components p r e s e n t  
i n  t h e  atmosphereJC*. It i s  c l e a r  from F i g u r e  257 t h a t  t h e  s m i s s i v i t y  of t h e  
e a r t h ' s  atmosphere i s  s u b s t a n t i a l ,  even i n  "windows1' from good o b s e r v i n g  
s i t e s .  
* 
Wolbers, H.W.: OASF Study ( f o r  NASA). Vol. 3 ,  Douglas A i r c r a f t  Co., 
Santa  Monica, C a l i f o r n i a ,  28 June 1968, DAC-58143. 
*I 
Shea, L.: Handbook of  Geophysics & Space Environment. Cambridge Research 
L a b o r a t o r i e s ,  O f f i c e  of Aerospace Research,  USAF, 1965, p. 10, 
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Lo A i r  equiva len t  a t  s tandard  temperature and pressure  (NTP) f o r  
which t h e  r a d i a t i o n  has been diminished t o  l / e  of t h e  e x t r a -  
t e r r e s t r i a l  va lue  
h  Height above t h e  e a r t h  
F igure  256 . The Approximate Depth of Pene t r a t ion  of Radiat ion Inc iden t  
Normal t o  t h e  Atmosphere as a  Function of t h e  wavelength* 
9c 
Siedentopf ,  H.: Naturwiss. Vole 35, 1948, p. 289. 
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Microns Wavelength 
F i g u r e  2 5 9 .  An I d e a l i z e d  S p e c t r a l  Radiance of t h e  Sun E m i t t i n g  
A t m o ~ p h e r e ~ ~  S u n l i t  Cloud, and S u n l i g h t - S c a t t e r i n g  
Clea r  Sky. 
I '- 
B i l l ,  E.E., Et a l .  : J. Opt. Soc, Amer. Vol. 50, 1960, p .  1313. 
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The e f f e c t  o f  t h e  e m i s s i v i t y  o f  t h e  e a r t h ' s  atmosphere on a n  a s t r o n o m i c a l  
o b s e r v a t i o n  from t h e  s u r f a c e  of t h e  e a r t h  a t  10p w i t h  a  1p s p e c t r a l  bandwidth,  
w i l l  now be ana lyzed  a s  a n  i l l u s t r a t i o n  of t h e  above p o i n t s .  The a s t r o n o m i c a l  
o b j e c t  w i l l  be assumed t o  be t h e  sun  b u t  l o c a t e d  a t  t h e  d i s t a n c e  of t h e  n e a r -  
e s t  known s t a r  t o  t h e  e a r t h  (a Centaur i )  l o c a t e d  a t  4 .3  light years. Assumfng a  
6 0 0 0 ' ~  blackbody tempera tu re  f o r  t h e  sun,  one can c a l c u l a t e  t h a t  about  
2  x  10-I w/y of s o l a r  f l u x  f a l l s  on 1 meter2  o f  t h e  e a r t h ' s  atmosphere 
a t  lop.  A t  t h e  d i s t a n c e  o f  Q' Centaur i ,  t h i s  i s  reduced t o  5 x  10-12 W/y, 
Assuming a  3 0 0 ' ~  atmosphere w i t h  an  e m i s s i v i t y  o f  1.0 l o c a t e d  a  mean 
d i s t a n c e  of 10 Km from t h e  o b s e r v i n g  t e l e s c o p e ,  t h e  t o t a l  power r e c e i v e d  
a t  t h e  image p lane  from t h e  atmosphere i s  3 x 1 0 ~ 3  W/p, f o r  a  1-meter 2  
a p e r t u r e  and 1-degree f i e l d  o f  view. Thus we s e e  t h a t  sky r a d i a t i o n  comple te ly  
swamps t h e  s t e l l a r  r a d i a t i o n  a t  1 0 ~  by t h e  r a t i o  of (3 x  1 0 " ~ / 5  x 10"12) = 
l o 9 :  1. It i s  i n t e r e s t i n g  t o  compare t h e  r e c e i v e d  f l u x  of o u r  h y p o t h e t i c a l  
sun  l o c a t e d  a t  C e n t a u r i  w i t h  t h e  n o i s e  e q u i v a l e n t  power (NEP) of t h e  b e s t  
i n f r a r e d  d e t e c t o r  f o r  lop,  which i s  Ge(Hg) coo led  t o  3 0 ° ~ ,  f o r  which t h e  
NEP = 10-11 W w i t h  a  bandwidth o f  1 Hz. 
A t  t h i s  p o i n t ,  some d e s i r a b l e  i n f r a r e d  a s t r o n o m i c a l  o b s e r v a t i o n s  w i l l  be  
d i s c u s s e d .  I n f r a r e d  imagery and broadband spec t rophotomet ry  of t h e  p l a n e t s  
w i l l  be  of v a l u e ,  t h e  l a t t e r  b e i n g  u s e f u l  f o r  d e t e r m i n a t i o n  of t h e  amounts 
o f  wa te r  vapor  and carbon d iox ide ,  a s  w e l l  a s  o t h e r  compounds, i n  p l a n e t a r y  
a tmospheres .  Red dwarf s t a r s ,  which emit  n e a r l y  a l l  t h e i r  r a d i a t i o n  i n  t h e  
i n f r a r e d ,  cou ld  c o n s t i t u t e  a s  much a s  50 p e r c e n t  of a l l  o b s e r v a b l e  s t a r s ;  
t h e r e f o r e ,  a n  i n f r a r e d  survey  of t h e  c e l e s t i a l  s p h e r e  i s  i n  o r d e r .  Some 
d e t a i l e d  i n f r a r e d  o b s e r v a t i o n s  of s t a r s  and s t e l l a r - l i k e  o b j e c t s  which 
shou ld  b e  made a r e :  
1 )  Broadband spectrophotometry  f o r  improving b o l o m e t r t c  magnitude 
d a t a  of t h e  coo l ,  l a t e  s p e c t r a l  c l a s s  s t a r s .  T h i s  d a t a  w i l l  
a l s o  p r o v i d e  a  means t o  improve t h e  law of  i n t e r s t e l l a r  reddening 
and p rov ide  a c c u r a t e  d e t e r m i n a t i o n s  of t h e  r a t i o  o f  t o t a l  absorp-  
t i o n  t o  s e l e c t i v e ~ a b s o r p t i o n ,  
High s p e c t r a l  r e s o l u t i o n  o b s e r v a t i o n s  f o r  d a t a  on 
t h e  abundance d e t e r m i n a t i o n s  o f  molecules ,  s i n c e  d e t e r m i n a t i o n s  
made from t h e  g round-s ta te  t r a n s i t i o n s  a r e  t h e  most r e l i a b l e .  
Also,  t h e  p e r m i t t e d  and fo rb idden  v i b r a t i o n - r o t a t i o n  t r a n s i -  
t i o n s  o f  molecules  ( o r g a n i c  molecules)  occur  i n  t h e  n e a r  - 
i n f r a r e d  r e g i o n ,  w h i l e  p e r m i t t e d  and f o r b i d d e n  pure  r o t a t i o n  
t r a n s i t i o n s  occur  i n  t h e  f a r  - i n f r a r e d  r e g i o n  and t h e  m i l l i m e t e r  
wavelength  bands. A d e t a i l e d  s t u d y  of p e c u l i a r  b r i g h t - l i n e  
s tars  shou ld  l e a d  t o  a  d i s c o v e r y  o f  new i n f r a r e d  f o r b i d d e n  
a tomic  l i n e s ,  
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Elev.  Angle 6 
Emissivi ty  
Figure 258. Compar5.son of Theore t i ca l  and Experimental Var ia t ion  of 
Emissivi ty  with Eleva t ion  Angle.  he experimental  po in t s  a r e  
p l o t t e d  a s  d o t s  f o r  t h e  0" t o  90" e l e v a t i o n  range and a s  c r o s s e s  
f o r  t h e  90" t o  180" range. The d a t a  were obtained a t  Sacramento 
Peak, New Mexico, 9200 f t  above s e a  l e v e l ,  i n  August, a t  a  wave- 
length  of 4.62piP) 
* B i l l ,  E.E., e t  . a l .  ; Jou rna l  of t h e  O p t i c a l  Soc ie ty  of America, v o l .  50, 
1960, p. 1313. 
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3 )  The d e t e c t i o n  o f  i n d i v i d u a l  r e d  s t a r s  i n  t h e  g a i a c t i c  bu lge  shou ld  
be a t t empted .  Assoc ia ted  w i t h  a  s e a r c h  f o r  r e d  dwarf s t a r s  i s  
a  s e l e c t i v e  h i g h  r e s o l u t i o n  s p e c t r o s c o p i c  su rvey  of t h e  i n t e r -  
s t e l l a r  medium i n  t h e  i n f r a r e d .  The s t a r s  i n  t h e  s o l a r  ne ighbor -  
hood account  f o r  on ly  3 8  p e r c e n t  of i t s  t o t a l  mass, t h e  remainder  
b e i n g  e i t h e r  i n  t h e  form of  stars t o o  f a i n t  o r  t o o  c o o l  t o  be 
observed  from t h e  s u r f a c e  o f  t h e  e a r t h ,  o r  i n  t h e  form of mass 
i n  t h e  i n t e r s t e l l a r  medium. Atomic hydrogen i n  t h e  i n t e r s t e l l a r  
gas  can account  f o r  on ly  2 p e r c e n t  of t h e  medium, and t h e  amount 
of d u s t  i s  i n s i g n i f i c a n t ,  s o  i t  i s  p o s s i b l e  t h a t  a  l a r g e  f r a c t i o n  
o f  i t  cou ld  be  i n  t h e  form of molecu la r  hydrogen. The r o t a t i o n -  
a l  l i n e s  from t h e  ground s t a t e  of H occur  a t  28.1p, 16.9p9 and 2 1 2 . 0 ~ .  Other  non-hydrogen l i n e s  t h a t  might  appear  i n  t h e  i n t e r -  
s t e l l a r  medium a r e  t h e  i o n i c l i n e s  o f  C I I  and S i I I ,  a tomic  l i n e s  
of 01 and t h e  r o t a t i o n a l  l i n e s  o f  CH,NH, and OH. F i n a l l y ,  
i n f r a r e d  o b s e r v a t i o n s  a r e  n e c e s s a r y  f o r  o b j e c t s  t h a t  a r e  l o c a t e d  
a t  t h e  extreme edge of t h e  o b s e r v a b l e  u n i v e r s e .  The s p e c t r a l  l i n e s  
of o b j e c t s  a t  t h e s e  d i s t a n c e s  a r e  s h i f t e d  i n t o  t h e  i n f r a r e d  by 
t h e  " red-sh i f t " ,  and o b s e r v a t i o n s  t h e r e  w i l l  p rov ide  a n  observa-  
t i o n a l  e x t e n s i o n  of t h e  a p p l i c a t i o n  o f  t h e  AXIL r e l a t i o n  o v e r  a  
much longer  wavelength i n t e r v a l  t h a n  i s  p o s s i b l e  from ground-based 
o b s e r v a t i o n s .  Also,  a t  t h e  v e r y  l a r g e s t  d i s t a n c e s ,  approach ing  
t h e  r a d i u s  of c u r v a t u r e  o f  t h e  u n i v e r s e ,  i n d i v i d u a l  g a l a x i e s  
become t o o  f a i n t  and numerous t o  be  r e s o l v e d  and t h u s  c o n s t i t u t e  
a f e e b l y  glowing c e l e s t i a l  background. T h i s  glow shou ld  b e  
peaked i n  t h e  i n f r a r e d  by t h e  r e d - s h i f t .  The s p e c t r a l  and 
s p a t i a l  d i s t r i b u t i o n  of t h i s  glow over  t h e  c e l e s t i a l - s p h e r e  has  
a  d i r e c t  b e a r i n g  on t h e  v a l i d i t y  of t h e  v a r i o u s  cosmolog ica l  
t h e o r i e s .  
The d e s i r a b i l i t y  o f  a  77°K c o l d  s t r u c t u r e  f o r  a n  o r b i t i n g  i n f r a r e d  t e l e s c o p e  
w i l l  now be p r e s e n t e d .  F i g u r e  259 p l o t s  t h e  s p e c t r a l  r a d i a n c e  f o r  a  3 0 0 ° ~  and 
77°K b lackbodies .  F i g u r e 2 6 0 p l o t s  t h e  s p e c t r a l  r a d i a n c e  f o r  a  7 7 ' ~  body t h a t  
h a s  a n  e m i s s i v i t y  of 0,Ol.  T h i s  would be t h e  t y p i c a l  e m i s s i v i t y  of h i g h l y  
p o l i s h e d  gold-coated o p t i c s  f o r  an  i n f r  r e d  t e l e s c o p e .  The r a d i a t i o n  back- !? ground from a t e l e s c o p e  w i t h  a  1-meter pr imary m i r r o r  and a  50-meter f o c a l  
l e n g t h  w i l l  now b e  determined f o r  t h e  3 0 0 ' ~  and 77OK c a s e s .  A 1-mm2 d e t e c t o r  
l o c a t e d  a t  t h e  f o c a l  p o i n t  of t h e  t e l e s c o p e  w i l l  r e c e i v e  r a d i a n c e  from t h e  
pr imary m i r r o r  which i s  r a d i a t e d  o v e r  a  4 x  loc" s t e r a d i a n  s o l i d  a n g l e .  
The s p e c t r a l  r a d i a n c e  o f  a  300°K primary m i r r o r  a t  lop,  a c c o r d i n g  t o  F i g u r e  
259 , upon c o r r e c t i n g  f o r  t h e  0 .01 e m i s s i v i t y  f a c t o r ,  i s  10" ~ m - ~ p - ~ s r - ~ .  , 
Hence,the t o t a l  energy a t  t h e  d e t e c t o r  r a d i a t e d  by t h e  primary m i r r o r  
i s  4 x  10 '11~/p.  For a 77OK primary m i r r o r  t h e  cor responding  background 
r a d i a t i o n  a t  lop  i s  8  x 1 0 - 1 7 ~ / ~ .  Thus, c o o l i n g  t h e  t e l e s c o p e  t o  7 7 ' ~  
reduced t h e  background r a d i a t i o n  l e v e l  by a f a c t o r  o f  about  105, We saw 
p r e v i o u s l y  t h a t  t h e  r a d i a t i o n  r e c e i v e d  from a s t a r  such  a s  t h e  sun a t  lop., 
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l o c a t e d  a t  t h e  d i s t a n c e  of  ( ~ C e n t a u r i  i s  abou t  5  x  10"12 W / I L ,  f o r  a  t e l e s c o p e  
w i t h  a  1-meter2 a p e r t u r e .  T h e r e f o r e ,  t h e  background r a d i a t i o n  of a  1-meter2 
3 0 0 ~ ~  pr imary m i r r o r  exceeds  t h e  energy r e c e i v e d  from t h e  s t a r  by a  f a c t o r  
of  10, w h i l e  t h e  7 7 " ~  t e l e s c o p e  i s  on ly  l i m i t e d  by t h e  background n o i s e  
g e n e r a t e d  i n  t h e  d e t e c t o r ,  which we saw was e q u i v a l e n t  t o  abou t  1 0 " l 1 ~  f o r  
t h e  b e s t  d e t e c t o r  a v a i l a b l e  f o r  l o b Q  
T e c h n o l o w  nef i c i e n c e s  
Achieving c ryogen ic  t e m p e r a t u r e  i n  t h e  o p t i c s  and s t r u c t u r e  of  a  space  
t e l e s c o p e  i s  an exceed ing ly  d i f f i c u l t  t h i n g  t o  do i n  a  l a r g e  a p e r t u r e  
t e l e s c o p e .  Because of t h i s ,  i t  i s  more d i f f i c u l t  t o  ex tend  t h e  o b s e r v a t i o n a l  
spec t rum i n  t h e  d i r e c t i o n  of  t h e  i n f r a r e d  r e g i o n  t h a n  it i s  i n  t h e  d i r e c t i o n  
of t h e  u l t r a v i o l e t .  I f  i t  were no t  f o r  t h e  r a d i a t i o n  from t h e  sun and e a r t h ,  
t h i s  problem would no t  be n e a r l y  s o  d i f f i c u l t .  The problem i s  o b v i o u s l y  eased 
i f  t h e  s o u r c e s  of h e a t  can be  reduced.  F l y i n g  i n  a  synchronous o r b i t  where t h e  
s o l i d  a n g l e  subtended by t h e  e a r t h  i s  much s m a l l e r  would be of  advan tage .  
A means f o r  r e d u c i n g  ambient s o l a r  r a d i a t i o n  might be f l y i n g  a  s t a t i o n - k e e p i n g  
o b j e c t  (such a s  one of t h e  echo b a l l o o n s )  s o  t h a t  t h e  t e l e s c o p e  could o p e r a t e  
i n  i t s  shade ,  While t h i s  might  be  of advantage,  i t  would be somewhat i m p r a c t i c a l .  
For  t h i s  r eason  such  a  c o n f i g u r a t i o n  has  no t  been s t u d i e d .  
Another approach t o  t h e  problem i s  t o  d e c r e a s e  t h e  e m i s s i v i t y  of  t h e  r e -  
f l e c t i n g  o p t i c s  s o  t h a t  t h e i r  c o n t r i b u t i o n  t o  t h e  background i n f r a r e d  r a d i a t i o n  
i s  reduced.  D i e l e c t r i c  f i l m  c o a t i n g s  may be of use  p rov ided  t h e  r e s t r i c t e d  
bandpass  i s  commensurate w i t h  t h e  astronomy exper iments .  The p r i n c i p a l  
c o n s t r a i n t  i n  c o a t i n g  development i s  t h e  d i r t h  of measur ing  i n s t r u m e n t s  f o r  
t h e  e m i s s i v i t y  and r e f l e c t i v i t y  r ange  r e q u i r e d .  For  example, i n  t h e o r y ,  gold  
shou ld  r e f l e c t  0.998 of t h e  i n c i d e n t  r a d i a t i o n  l e a v i n g  a n  e m i s s i v i t y  of 0.002. 
There  i s  no i n s t r u m e n t  which c a n  r e l i a b l y  measure a t  t h e s e  l e v e l s .  T h i s  
n e e d l e s s  t o  say ,  i n h i b i t s  any mean ingfu l  r e s e a r c h  on c o a t i n g s  i n  t h i s  
r e f l e c t a n c e  range.  However, i f  t h i s  e m i s s i v i t y  cou ld  b e  accomplished (and 
t h e  s c a t t e r i n g  were z e r o ) ,  F i g u r e  259 shows t h e  peak of t h e  gray body curve  
f o r  a  m i r r o r  a t  1 9 3 " ~  i s  lower t h a n  a  77°K blackbody. 
Another implementa t ion which would improve t h e  s i g n a l  t o  n o i s e  by r e j e c t i n g  
a t  l e a s t  p a r t  of  t h e  t e l e s c o p e  background i s  t o  chop t h e  e n t i r e  t e l e s c o p e  
a p e r t u r e .  The s i g n a l  caused by t e l e s c o p e  background i s  t h e n  unchopped and 
t h e  s i g n a l  p r o c e s s i n g  e l e c t r o n i c s  can t h e r e f o r e  d i s c r i m i n a t e  a g a i n s t  t h e  
background s i g n a l .  The chopper could  t a k e  t h e  form of a  v e n i t i a n  b l i n d , w i t h  
s l a t s  r o t a t i n g  abou t  t h e i r  l o n g i t u d i n a l  axes ,  and c o v e r i n g  t h e  e n t i r e  a p e r t u r e .  
Obviously,  such a  chopper would be l a r g e  and cumbersome, and would have t o  be  
removed when o t h e r  t y p e s  of exper iments  o r  o b s e r v a t i o n s  were b e i n g  made. 
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A remain ing  a l t e r n a t i v e  i s  b r u t e  f o r c e  a c t i v e  c o o l i n g  of t h e  s t r u c t u r e  and  
o p t i c s .  T h i s  cou ld  be  done w i t h  mechanical  r e f r i g e r a t i o n  o r  by s u b l i m a t i n g  
s o l i d s  o r  e v a p o r a t i n g  l i q u i d s  such a s  a rgon  o r  n i t r o g e n  r e s p e c t i v e l y ,  t o  
accompl ish  t h e  coo l ing .  These t e c h n i q u e s  ( n e e d l e s s  t o  s a y )  c r e a t e  immense 
e n g i n e e r i n g  and s u p p l y  problems and a r e  t o  be avo ided ,  i f  a t  a l l  p o s s i b l e ,  through 
r e l i a n c e  on o r b i t a l  s h a d i n g  o r  c o a t i n g  t e c h n i q u e s .  
It i s  a l s o  obvious t h a t  t e c h n o l o g i c a l  d e f i c i e n c i e s  i n  t h e  a r e a  of  d e t e c t o r s  
must be c o r r e c t e d  b e f o r e  t h e r e  w i l l  be g r e a t  payof f  i n  i n f r a r e d  as t ronomy.  For 
t h e s e  r e a s o n s  t h e  c r y o g e n i c  s t r u c t u r e  exper iment  i s  no t  p r e s e n t l y  s e r i o u s l y  
c o n s i d e r e d  f o r  t h e  Large  Te lescope  Experiment Program a s  c o n f i g u r e d  on a low- 
e a r t h - o r b i t  S a t u r n  Workshop o r  s h u t t l e  t y p e  of s p a c e  v e h i c l e .  Breakthroughs  
i n  c o a t i n g  t echno logy ,  d e t e c t o r  technology,  o r  s i g n a l  p r o c e s s i n g  t echno logy  
cou ld  y i e l d  much improved performance i n  a n  uncooled l a r g e  s p a c e  t e l e s c o p e ,  
Hence, t h e  above d e c i s i o n  shou ld  be re-examined p e r i o d i c a l l y .  
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EXPERIMENT 37 - APODIZATION AND SUPERRESOLUTION TECHNIQUES 
The c r i t e r i o n  commonly used i n  judg ing  t h e  q u a l i t y  of a n  a s t r o n o m i c a l  t e l e s c o p e  
i s  t h e  i n t e n s i t y  of t h e  c e n t e r  of  t h e  image formed by a  p o i n t  s o u r c e  o f  t h e  
f a r  f i e l d .  It can b e  shown t h a t  f o r  a  t e l e s c o p e  w i t h  a  pr imary m i r r o r  of  a g iven  
a r e a ,  t h e  unobscured  c i r c u l a r  a p e r t u r e  i l l u m i n a t e d  by a  u n i p h a s e  wavef ron t  i s  
optimum, I n t r o d u c i n g  a  c e n t r a l  o b s c u r a t i o n  o r  phase  p e r t u r b a t i o n s  w i l l  r e d u c e  
t h e  i n t e n s i t y  o f  t h e  c e n t e r  p o i n t .  For  some s p e c i a l i z e d  a p p l i c a t i o n s ,  t h e  
as t ronomer  i s  more i n t e r e s t e d  w i t h  o t h e r  q u a l i t i e s  of  t h e  image such  a s :  
(1)  Reduced r a d i u s  of f i r s t  da rk  r i n g  
(2) Asymmetrical image 
(3) Reduced i n t e n s i t y  of  Airy  r i n g s  
(4) Large  p o r t i o n  of energy i n  c e n t r a l  d i s k  
(5) Image f o r  which p o s i t i o n  of f i r s t  d a r k  r i n g  may be  c o n t i n u o u s l y  
' v a r i e d  
(6) Absence of  d a r k  r i n g  a l o n g  a  r a d i a l  d i r e c t i o n  
The t e c h n i q u e  f o r  g e n e r a t i n g  images compat ib le  w i t h  requ i rements  (1) and 
p o s s i b l y  (5)  i s  commonly r e f e r r e d  t o  as super reso lu t ion9 ' .  Because o f  
c o n s e r v a t i o n  of  energy,  movement o f  t h e  p o s i t i o n  of t h e  f i r s t  d a r k  r i n g  toward 
t h e  c e n t e r  d i s p l a c e s  energy from t h e  c e n t r a l  d i s k  t o  t h e  r i n g s  o f  t h e  image. 
Also,   ilki ins** has  shown t h a t  a s  t h e  f i r s t  d a r k  r i n g  i s  moved toward t h e  c e n t e r ,  
t h e  maximum i n t e n s i t y  i n  t h e  d i s k  r a p i d l y  approaches  z e r o  w i t h  t h e  r e s u l t a n t  
r i s e  i n  energy i n  t h e  r i n g s .  However, it w i l l  b e  shown t h a t  i n c r e a s e s  i n  
r e s o l u t i o n  from 1 . 2 2 h / ~  ( t h e  c l a s s i c a l  d e f i n i t i o n  of r e s o l u t i o n  of t h e  c i r c u l a r  
a p e r t u r e S )  t o  approx imate ly  0.7 x  ( 1 , 2 2 h / ~ )  may b e  o b t a i n e d  f o r  s p e c i a l  
c o n d i t i o n s  where t h e  v a r i a b l e s  h and D a r e  t h e  wavelength  and p u p i l  d iamete r ,  
r e s p e c t i v e l y .  
t t 
Requirements ( 3 )  and (4 )  a r e  o b t a i n e d  by a p o d i z a t i o n  (Greek f o r  " t o  t a k e  
away t h e  f e e t " ) .  Note t h a t  t h e s e  r e q u i r e m e n t s  a r e  t h e  r e v e r s e  o f  t h e  s u p e r -  
r e s o l u t i o n  requ i rements .  Apodiza t ion  t e n d s  t o  move t h e  p o s i t i o n  of t h e  f i r s t  
d a r k  r i n g  away from t h e  maximum and t r a n s f e r s  energy of  t h e  r i n g s  i n t o  t h e  
c e n t r a l  d i s k .  
;'c 
Wolf,E.: P r o g r e s s  i n  Opt ics ,  111. North-Holland P u b l i s h i n g  Co.,Amsterdam, 
1961, p. 122, 
** 
Wilk ins ,  J .E. :  J. Opt. Soc. Amer. Vol.  40, No. 4 ,  1950, pp. 222-225. 
t J e n k i n s ,  F.A., White, H.E. , :  Fundamentals  o f  O p t i c s .  McGraw-Hill, New York, 
1957, p. 304. 
t t J a c q u i n o t ,  P * :  Apodiza t ion .  P r o g r e s s  i n  O p t i c s  III, McGraw-Hill, New York, 
1957, p. 304. 
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Requirements  (2)  a n d  (6)  a r e  o b t a i n e d  by i n t r o d u c i n g  a nonsymmetr ica l  
p u p i l  f u n c t i o n .  A common t e c h n i q u e  i s  t o  i n t r o d u c e  a  r e c t a n g u l a r  s t o p  i n  
t h e  sys tem which produces  a n  image which h a s  low energy d e n s i t i e s  a l o n g  
t h e  image axes  which cor respond  t o  t h e  d i a g o n a l s  of t h e p u p i l  s t o p .  * 
For  t h e  purpose  of  t h i s  r e p o r t ,  o b j e c t  p a i r s  w i l l  be  c l a s s i f i e d  i n t o  two 
e x c l u s i v e  s e t s  ; 
S e t  A Il >I2  S l . 1  I1 ( b i n a r y  s t a r s )  
S e t  B I2 s 0 . 0 1  I1 ( s t a r  w i t h  p l a n e t )  
where El, I a r e  a p p a r e n t  i n t e n s i t i e s  of t h e  o b j e c t  p a i r  e l ements .  2  
The two c l a s s e s  o f  problems which w i l l  be  ana lyzed  i n  t h i s  s e c t i o n  can now 
b e  r i g o r o u s l y  d e f i n e d .  The s u p e r r e s o l u t i o n  t e c h n i q u e s  w i l l  b e  used  by 
a s t r o n o m e r - s c i e n t i s t s  t o  i n v e s t i g a t e  b i n a r y  s t a r s  of C l a s s  A whose 
a n g u l a r  s e p a r a t i o n  i s  l e s s  t h a n  the  Ray le igh  c r i t e r i o n  r e s o l u t i o n  o f  t h e  
i n s t r u m e n t .  The a p o d i z a t i o n  t e c h n i q u e s  w i l l  be  used f o r  Class B o b j e c t s  
whose a n g u l a r  s e p a r a t i o n  i s  somewhat t h a n  t h e  t e l e s c o p e  r e s o l u t i o n  
and whose i n t e n s i t y  r a t i o  i s  l e s s  t h a n  1:100. T h i s  r a t i o  i s  t y p i c a l  of  
t h e  photometry e x p e c t e d  from t h e  l a r g e r  p l a n e t s  o f  a  s t e l l a r  sys tem when 
compared w i t h  t h e  p a r e n t  s t a r .  The l i m k t a t i o n  t o  p l a n e t a r y  i n v e s t i g a t i o n s  
s u c h  as t h i s  i s  set by t h e  f a i n t  l i m i t -  o f  t h e  t e l e s c o p e .  
The o b j e c t i v e  of  t h e  s u p e r r e s o l u t i o n  exper iment  i s  t o  compare t h e  a l t e r n a t e  
t e c h n i q u e s  d i s c u s s e d  i n  Chapter  3 f o r  p r e c i s e l y  measur ing  t h e  o r b i t s  
of  b i n a r y  s t a r s .  These  measurements a r e  impor tan t  f o r  d e t e r m i n i n g  r e l a t i v e  
masses  of  t h e ' b i n a r i e s .  The measurements o f  s t e l l a r  masses  are c r i t i c a l  
t o  a s t ronomers  d e v e l o p i n g  models of  s t e l l a r  s t r u c t u r e  and s t e l l a r  e v o l u t i o n ,  
The a l t e r n a t e  t e c h n i q u e s  f o r  ~ r e c i s e l y d e t e r m i n i n ~  b i n a r y  o r b i t s  a r e  a s  
£01 lows : 
(1) P o s t  exposure  p r o c e s s i n g  of  images o b t a i n e d  from d i f f r a c t i o n -  
l i m i t e d  o p t i c a l  sys temo E i t h e r  t h e  d i g i t a l  maximitm l i k e l i h o o d  
p r o c e s s  o r  t h e  analog-matched f i l t e r  p r o c e s s  a p p e a r s  f e a s i b l e ,  
(2) Displacement of  oppos ing  segments of segmented m i r r o r  t o  
g e n e r a t e  a n  asymmet r i ca l  image. 
* 
J e n k i n s ,  F.A., White, H.E. :  Fundamentals  o f  O p t i c s .  McGraw-Hill, 
New York, 1957, p. 304. 
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(3)  Genera t ion  of a  s u p e r r e s o l u t i o n  image by l a t e r a l l y  d i s p l a c i n g  t h e  
c e n t e r  segment of  a  7-segment pr imary m i r r o r .  T h i s  t e c h n i q u e  
h a s  t h e  advan tage  t h a t  w i t h i n  t h e  l i m i t s  of  t h e  t e c h n i q u e ,  t h e  
f i r s t  d a r k  r i n g  can b e  p l a c e d  a t  any p rede te rmined  p o s i t i o n .  
Equipment Requirements - S u p e r r e s o l u t i o n  
No a d d i t i o n a l  o p t i c a l  hardware f o r  t h e  LTEP i s  r e q u i r e d  t o  conduct  t h i s  
exper iment .  A l t e r n a t i v e  (2) above would most l i k e l y  r e q u i r e  t h e  a c t i v e  
p a r t i c i p a t i o n  of  a n  a s t r o n a u t  s i n c e  t h e r e  i s  a  d e f i n i t e  p o s s i b i l i t y  thak  t h e  
two opposing segments which a r e  t i l t e d  c o u l d  i n  t u r n  image o t h e r  unwantcd 
s t a r s  i n t o  t h e  p o r t i o n  of  t h e  image p l a n e  of  i n t e r e s t .  T h e r e f o r e ,  t h e  
segments shou ld  e i t h e r  be  covered o r  removed. 
A l t e r n a t i v e  (3) above does  n o t  r e q u i r e  d i r e c t  p a r t i c i p a t i o n  of  t h e  a s t r o n a u t .  
A t r i v i a l  a d d i t i o n  t o  t h e  A c t i v e  O p t i c s  c o n t r o l  e l e c t r o n i c s  would b e  r e q u i r e d  
t o  s t e p  t h e  c e n t e r  segment th rough  a p rede te rmined  sequence.  A l t e r n a t i v e  
( 3 )  a l s o  h a s  t h e  advan tage  t h a t  i t  o p e r a t e s  on a l l  p o i n t  images i n  t h e  
c o r r e c t e d  f i e l d . - o f  -view. 
Experiment O b j e c t i v e :  Apodizat ion 
The o b j e c t i v e  o f  t h i s  exper iment  i s  t o  v e r i f y  t h e  a p p l i c a b i l i t y  o f  ene rgy  
r e d i s t r i b u t i o n  a p o d i z a t i o n  t e c h n i q u e s  t o  l a r g e  o r b i t i n g  t e l e s c o p e s .  The 
d e t e c t i o n  o f  p l a n e t s  o r b i t i n g  ne ighbor  s t a r s  i s  ex t remely  d i f f i c u l t  n o t  
because  of  t h e  e x p e c t e d  a n g u l a r  s e p a r a t i o n ,  b u t  because  of  t h e  l a r g e  d i f f e r e n c e  
i n  i n t e n s i t i e s  between t h e  two s o u r c e s .  Using t h e  s o l a r  sys tem a s  a  t y p i c a l  
model, s e p a r a t i o n s  exceed ing  10 a rc - seconds  can  b e  expec ted  between t h e  
i n t e r r o g a t e d  p l a n e t  and t h e  p a r e n t  s t a r .  
Remembering t h e  i n v e r s e  s q u a r e  law of i r r a d i a n c e  v e r s u s  s e p a r a t i o n ,  t h e  p l a n e t  
h a s  a  chance o f  d e t e c t i o n  i f  i t  were t o  have a  d iamete r  0 . 1  t h a t  of t h e  s t a r  
(which i s  t h e  c a s e  f o r  J u p i t e r )  and b e  i n  a n  o r b i t  e q u a l  t o  t h a t  o f  Venus. 
The r e q u i r e d  v a r i a t i o n  of  t h e  o p t i c a l  sys tem i s  demons t ra ted  i n  F i g u r e  261 . 
The t e l e c e n t r i c  c o l l i m a t i n g  l e n s  which images t h e  LTEP e x i t  p u p i l  a t  i n f i n i t y  
i:: r e q u i r e d .  S i n c e  t h e  a l ignment  of t h e  a x i c o n  i s  c r i t i c a l ,  a n  a c t i v e  c o n t r o l  
t.;ill b e  r e q u i r e d .  As t ronau t  p a r t i c i p a t i o n  w i l l  be r e q u i r e d  b o t h  f o r  t h e  
a l ignment  f u n c t i o n s  and previewing of  c a n d i d a t e  s t a r s .  
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CHAPTER 14 - SUPERRESOLUTION AND APODIZING WITH SEGSVIENTED ACTIVE OPTICS 
SUPERRESOLUTION TECHNIQUES UTILIZING SEG%NTED OPTICS 
The o r b i t i n g  o f  t h e  LTEP t e l e s c o p e  w i l l  y i e l d  t o  a s t ronomers  a  quantum jump i n  r e -  
s o l u t i o n  o f  a l m o s t  two o r d e r s  of  magnitude f o r  s e l e c t e d  s o u r c e s  i n  t h e  u l t r a v i o l e t  
r e g i o n .  N e v e r t h e l e s s ,  i n  t h e  s c i e n t i f i c  community t h e  q u e s t i o n  immediate ly  
a r i s e s  w h e t h e r ' t h e r e  may be  t e c h n i q u e s  f o r  e x t e n d i n g  t h e  r e s o l v i n g  power 
t o  even b e t t e r  v a l u e s .  T h i s  s e c t i o n  w i l l  c o n s i d e r  t h e  s i n g u l a r  problem 
of  " r e s o l v i n g "  b i n a r y  p o i n t  s o u r c e s  ( s t a r s )  somewhat c l o s e r  than  1 . 2 2 h / ~ ,  t h e  
Kayle igh c r i t e r i o n .  The a c c u r a t e  measurement o f  t h e  o r b i t s  ( i . e . ,  s e p a r a t i o n )  
of  b i n a r y  s t a r s  i s  c r i t i c a l  i n  t h e  measurement of  s t e l l a r  masses.  T h i s  
i n f o r m a t i o n  h a s  l o n g  been of  concern t o  a s t r o p h y s i c i s t s  who a r e  s t u d y i n g  t h e  
9; t h e o r y  of  s t e l l a r  s t r u c t u r e  and s t e l l a r  e v o l u t i o n .  
T h i s  s e c t i o n  w i l l  c o n s i d e r  t h e  a p p l i c a b i l i t y  of  s u p e r r e s o l u t i o n  t e c h n i q u e s  
t o  t h e  LTEP, The t e r m  s u p e r r e s o l u t i o n  i s  d e f i n e d  a s  t h e  c a p a b i l i t y  of moving 
t h e  f i r s t  d a r k  r i n g  of  t h e  d i f f r a c t i o n  image c l o s e r  t o  t h e  c e n t r a l  maximum- 
R e c a l l i n g  t h a t  t h e  Ray le igh  c r i t e r i o n  r e q u i r e s  t h a t  two s o u r c e s  a r e  r e s o l v e d  
i f  t h e  maximum of one s o u r c e  i s  superimposed on t h e  f i r s t  z e r o  of t h e  o t h e r  
s o u r c e ,  we w i l l  a r t i f i c a l l y  i n c r e a s e  t h e  " r e s o l u t i o n "  of  t h e  sys tem by s u p e r -  
r e s o l u t i o n  t e c h n i q u e s  t o  b e  p r e s e n t e d  i n  t h i s  s e c t i o n .  One must t r e a t  w i t h  
c a r e  any c la ims  t h a t  t h e  t r u e  r e s o l v i n g  power i n  g e n e r a l  terms i s  i n c r e a s e d  
by s u p e r r e s o l u t i o n  t e c h n i q u e s .  A more p r o b i n g  d i s c u s s i o n  of t h i s  p o i n t  i s  
p r e s e n t e d  i n  t h e  c o n c l u s i o n .  
The i n f o r m a t i o n  g e n e r a t e d  i n  t h i s  s e c t i o n  i s  a l s o  v a l u a b l e  i n  r e a c h i n g  t h e  
f i n a l  d e s i g n  d e c i s i o n  of  t h e  shape and number of  pr imary m i r r o r  segments.  
Thus, one of t h e  purposes  of  t h i s  s e c t i o n  i s  t o  p r e s e n t  a  c a t a l o g  
of v a r i o u s  p o i n t - s p r e a d  f u n c t i o n s  t h a t  a r e  e a s i l y  o b t a i n e d  from t h e  segmented 
pr imary m i r r o r .  Hopefu l ly ,  a d d i t i o n a l  a p p l i c a t i o n s  f o r  t h e  l ~ n o n - c l a s s i c a l "  
images w i l l  b e  b r o u g h t  t o  t h e  a t t e n t i o n  of  t h e  p r o j e c t  by i n t e r e s t e d  
r e a d e r s .  
SUPERRESOLUTION TECHNIQUES 
During an LTEP i n t e r v i e w  of  D r .  F r e d r i c k s ,  ( U n i v e r s i t y  of  V i r g i n i a )  a  c l a s s i c  
s u p e r r e s o l u t i o n  t e c h n i q u e  ( ~ i g u r e  262a) u t i l i z i n g  opaque d i s k s  i n  a  t e l e s c o p e  
p u p i l  was d i s c u s s e d .  The analogy of t h i s  p c p i l  f u n c t i o n  w i t h  t h e  p u p i l  f u n c t i o n  
9; 
Hess, H.H: S c i e n t i f i c  Uses o f  t h e  Large  Space T e l e s c o p e o  ~ a t ' l ,  Acad. of  
Sc iences ,  Washington D o  C. 
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(a) Aperture Occulted by 
Two Disks 
(b )  LTEP Primary Mirror with 
Two Opaque Segments 
(c) LTEP Primary Mirror Simulating 
Pupil Phase Plate 
Figure 262. Supesresolution Pupil Functions 
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o f  t h e  proposed LTEP segmented m i r r o r  ( F i g u r e  26213) s u g g e s t s  a  s u p e r r e s o l u t i o n  
t e c h n i q u e  t h a t  could  b e  e a s i l y  implemented. T h i s  t e c h n i q u e  would r e q u i r e  physi -  
c a l l y  removing two oppos ing  segments o r  t i l t i n g  them wFth t h e  s e r v o  c o n t r o l  
t o  a  s u i t a b l e  o r i e n t a t i o n .  An a l t e r n a t e  t e c h n i q u e  r e q u i r e s  d i sp lacement  o f  
t h e  c e n t e r  segment by  some phase  @ t o  form a  con t iguous  s u r f a c e  which h a s  a  
phase  s t e p .  ( F i g u r e  262c. )  The s p e c i a l  c a s e  o f  a  p u p i l  c o n t a i n i n g  a  d i s k  
phase  p l a t e  which g e n e r a t e s  s u p e r r e s o l u t i o n  p u p i l  f u n c t i o n s  has  been a n a l y z e d  
by Wi lk ins  . '' 
The Fraunhofe r  d i f f r a c t i o n  t h e o r y  was u t i l i z e d  t o  d e r i v e  t h e  p o i n t  s p r e a d  
f u n c t i o n s  of  t h e  a p e r t u r e s  shown i n  F i g u r e  262. S l i g h t  v a r i a t i o n s  of t h e s e  
p u p i l s  were a l s o  ana lyzed .  I s o p h o t e  p l o t s  t o g e t h e r  w i t h  i s o m e t r i c  views o f  
t h e  images were g e n e r a t e d  by computer s o l u t i o n  of  t h e  Fraunhofe r  i n t e g r a l .  
ANALYSIS OF THE LTFP MIRROR WITH TWO OPAQUE SECTIONS 
J- J- 
8 ,  , 
The F o u r i e r  i n t e g r a l  govern ing  Fraunhofe r  d i f f r a c t i o n  can b e  e x p r e s s e d  a s  
where t h e  p u p i l  f u n c t i o n  G i s - i i v e n  by 
~ ( < , q )  = c o n s t a n t  (C) a t  p o i n t s  i n  t h e  a p e r t u r e  
= 0  a t  p o i n t s  o u t s i d e  t h e  a p e r t u r e  
The wave n u m b e r k i s  e q u a l  t o  2n/A, and t h e  i n t e g r a l  (1) e x t e n d s  o v e r  t h e  e n t i r e  ( C J q )  p l a n e  ( p l a n e  o f  t h e  a p e r t u r e ) .  The i n t e n s i t y  I ( p , q )  i s  e q u a l  t o  t h e  
s q u a r e  of t h e  modulus o f  U(p,q);  
It h a s  been shown by Born and Wolf t h a t  t h e  c o n s t a n t  C a p p e a r i n g  i n  t h e  p u p i l  
f u n c t i o n  i s  e q u a l  t o  , where E  i s  t h e  t o t a l  energy i n c i d e n t  on h D 
t h e  p l a n e  of  o b s e r v a t i o n  and D t h e  a r e a  o f  t h e  c l e a r  a p e r t u r e .  I n  a d d i t i o n ,  
t h e  i n t e n s i t y  1 = IU(O,O) l 2  a t  t h e  c e n t e r  of d i f f r a c t i o n  p a t t e r n  p  = q  = 0  
0 i s  g iven by 
Jc Wilkirms, J . E . :  J o u r m l  of Opt .  S o c .  Arner., voP. 40,  n o .  4 ,  1950, pp .  222-225. 
**Born, M . ,  and Wolf, E .  : P r i n c i p l e s  o f  O p t i c s ,  Pergamon Press, L i m i t e d ,  London, 
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F i r s t  t h e  c o n t r i b u t i o n  o f  t h e  c e n t r a l  hexagon w i t h  no c e n t r a l  c i r c u l a r  obscura -  
t i o n  t o  t h e  U(p,q) d i f f r a c t i o n  i n t e g r a l  w i l l  b e  computed. The r e g i o n  of  i n t e -  
g r a t i o n  i n  t h e  F,Q p l a n e  f o r  t h i s  c a s e  i s  d e p i c t e d  i n  F i g u r e  263 . The c e n t r a l  
hexagon may be  s e p a r a t e d  i n t o  t h r e e  componentsJ t h a t  i s ,  t h e  r e c t a n g u l a r  r e g i o n  
(2) - (3)-  (5) - (6) and  t h e  two t r i a n g u l a r  r e g i o n s  (1) - (2)-  (6) and (3)  - (4) - (5 ) .  
The c o n t r i b u t i o n  from t h e  r e c t a n g u l a r  r e g i o n  deno ted  U (p ,q)  may b e  r ) 
e x p r e s s e d  v i a  Equa t ion  (1) as :  
Per fo rming  t h e  i n d i c a t e d  i n t e g r a t i o n  y i e l d s  
u r (p ,q )  = qns2 s i n c  (9) s i n c  ( k s \ E )  
where s i n  c  x  = s i n  x  
The c o n t r i b u t i o n  from t h e  two t r i a n g u l a r  r e g i o n s  on t h e  l e f t  and r i g h t  o f  t h e  
c e n t r a l  hexagon, deno ted  U (p,q) r e s p e c t i v e l y ,  may b e  e x p r e s s e d  a s :  
t R  
S i n c e  t h e  p u p i l  f u n c t i o n  f o r  t h e  two t r i a n g u l a r  r e g i o n s  i s  such  t h a t  G ( [ , ~ )  = 
G(-c,'q) we can e v a l u a t e  t h e  c o n t r i b u t i o n  from t h e  two t r i a n g u l a r  r e g i o n s  by 
, 
computing t w i c e  t h e  r e a l  p a r t  of  t h e  second i n t e g r a l  i n  Equa t ion  (8). Per -  
forming t h e  ?') i n t e g r a t i o n ,  s u b s t i t u t i n g  t h e  p roper  l i m i t ,  and t a k i n g  t h e  r e a l  
p a r t  of  t h e  r e s u l t a n t  y i e l d s  
PERKIN-ELMER 
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F i g u r e  263. Cen t ra  1 Hexagon Nomenclature 
U 
F i g u r e  264. Nomenclature f o r  A p e r t u r e  w i t h  5-Segments 
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- & s i n i r f i / s i n [ ' e j  - cos  (kps,  ' 
The e l e c t r i c  f i e l d  d i s t r i b u t i o n  i n  t h e  Fraunhofe r  d i f f r a c t i o n  p a t t e r n  of  a. 
s i n g l e  hexagon a p e r t u r e  i s  o b t a i n e d  by t h e  f o l l o w i n g  summation 
The e f f e c t  of  t h e  two m i s s i n g  segments on t h e  F r a u n h o f e r  d i s t r i b u t i o n  (Area 
B ,  F i g u r e 2 6 4 )  i s  o b t a i n e d  by i n s e r t i n g  p roper  l i m i t s  i n t o  t h e  F r a u n h o f e r  
d i f f r a c t i o n  i n t e g r a l  (Equa t ion  1 ) .  Because of  t h e  c i r c u l a r  symmetry, t h e  
Fraunhofe r  d i f f r a c t i o n  of t h e  two m i s s i n g  m i r r o r  segments w i l l  b e  d e r i v e d  
i n  p o l a r  c o o r d i n a t e s ,  The g e n e r a l  e q u a t i o n  f o r  F raunhofe r  d i f f r a c t i o n  
i n  p o l a r  c o o r d i n a t e s  i s  r e a d i l y  d e r i v e d  a s  
2n a 
- i k  pw cos  (0-$) 
P ~ P  d  8 
where P C O S ~  = g 
p s i n 9  = q 
G ( ~ , Q )  = c o n s t a n t  C a t  p o i n t s  i n  a p e r t u r e  
= 0 a t  p o i n t s  o u t s i d e  a p e r t u r e  
By i n s p e c t i o n ,  t h e  Fraunhofe r  d i f f r a c t i o n  i n t e g r a l s  f o r  t h e  upper segment 
and lower segment a r e :  
e  
- ikc wcos (8-l!r ) 
Pdpd0 
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R o t a t i n g  t h e  r e f e r e n c e  frame of  Equat ions  (90)and ( 1 l ) b y  n/2  and  3 ~ ~ 1 2 ,  
r e s p e c t i v e l y ,  t o  o b t a i n  symmetr ical  l i m i t s  on t h e  0  i n t e g r a t i o n  and per -  
forming t h e  p i n t e g r a t i o n .  
where 
R e c a l l i n g  t h e  t r i g o n o m e t r i c  i d e n t i t i e s  
cos ( a  + 33112) = s i n a  
Equat ions  c 1 2 ) a n d ( 1 3 ) m a y  be  s i m p l i f i e d .  The sum of  t h e  Fraunhofer  d i f g r a c t i o n  
i n t e g r a l s  g i v e s  t h e  n e t  e l e c t r i c  f i e l d  r e s u l t i n g  from t h e  two a p e r t u r e s "  
(Bab ine t '  s P r i n c i p l e )  ; 
XI 6
2 2  2  - 1 de- [ k w  s i n  ( 8 - $ 1  uUs(b8tb) + uls(wy @ = J e  ikp wsiri8"$)r i k r  "sin(@- @ -11 + 
-711 6 
R 
R e c a l l i n g  t h e  e x p o n e n t i a l  r e l a t i o n s  
ia -. ia ia i 0 
s i n  a = e  -. e  ; c o s a = e  i - e  
2  5. 2 
Ji 
The dummy v a z i a b l e s 0 '  and 8" a r e  c o n t r a c t e d  t o  b f o r  t h e  ensu ing  d i s c u s s i o n ,  
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~ q u a t i o n ( L f j )  may b e  regrouped i n t o  t h e  f o l l o w i n g  s i m p l i f i e d  form 
a/ 6 
2 do P s i n c  (kpwsin  (0-$ , )  + 
For t h e  s p e c i a l  c a s e  a t  t h e  c e n t e r  of  t h e  Fraunhofe r  f i e l d  ( W = 0 )  
fl/ 6 k s f 3  
cos  ( k ~ . t ; ~ s i n ( e - $ ) )  -cos (- w s i n  (9-4) 2 l  d&Lim 2cos 9  
- n / 6  w-"  0 2 2  2 k  w s i n  (9-dr) 
t h e  l i m i t  of t h e  k e r n a l  of  t h e  second i n t e g r a l  i s  e v a l u a t e d  v i a  1 ' ~ o p i t a l ' s  
Rule  w i t h  t h e  r e s u l t  
2  
'3s ) s i n  (2cos9  2cos 9  wsin(O-$)) 
Not ing  t h e  l i m i t  
Lim s i n c  (x) = 1, 
x  .+ 0  
t h e  Fraunhofe r  i n t e g r a l  a t  w = 0  i s  
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Report  No. 9800 
2 ax/ 6 
3s t a n  9) 1 - 2(R9--j7-- 0 
nR 2  
= -  C 
3 2  
An e f f e c t i v e  check on t h e  v a l i d i t y  of a l l  p r e v i o u s  mathematics i s  o b t a i n e d  
by n o t i n g  t h a t  Equat ion (21c) g i v e s  t h e  a r e a  of t h e  two t r u n c a t e d  pie-shaped 
segments,  a s  expec ted  from t h e  b a s i c  Fraunhofer  e q u a t i o n  and Equat ion ( 3 ) .  
The e f f e c t  of t h e  two h o r i z o n t a l  segment s e p a r a t i o n s  (Area C of F i g u r e  264) 
i s  d e r i v e d  by s u b s t i t u t i n g  t h e  fo l lowing  l i m i t s  on Equat ion 4 .  
+-I 
,z, = 
24  
where s + E  
Using t h e  t e c h n i q u e s  o f  p rev ious  d e r i v a t i o n ,  t h e  Fraunhofe r  c o n t r i b u t i o n  of 
t h e  two h o r i z o n t a l  segment s e p a r a t i o n s  i s  
us(p,q) = 2 c ( R - 9  Asinc (yj s i n  (k (R 'ap)  cos  (kp(R-E/2)) 
2  
The l a s t  two c o n t r i b u t i o n s  t o  t h e  Fraunhofer  p a t t e r n s  a r e  from t h e  c i r c u l a r  
p e r i p h e r y  and  t h e  c i r c u l a r  c e n t r a l  o b s c u r a t i o n  which i s  d e f i n e d  by t h e  s i z e  
o f  t h e  secondary m i r r o r  a n d / o r  t h e  s i z e  of t h e  c i r c u l a r  h o l e  i n  t h e  pr imary 
m i r r o r .  P l a c i n g  t h e  p roper  l i m i t s  on Equat ion (9) and a p p l y i n g  t h e  s t a n d a r d  
i n t e g r a l s  of t h e  B e s s e l  Function*, t h e  Fraunhofe r  d i s t r i b u t i o n  f o r  t h e  p e r i p h e r y  
i s  
where J = f i r s t  o r d e r  B e s s e l  f u n c t i o n  1 
rlr 
Born, MI, and Wolfe, E.: P r i n c i p l e s  o f  Opt ics .  Pergamon P r e s s ,  LLmLted, 
London, England, 1959, p.  386. 
Report  No. 9800 
~ y  analogy,  t h e  c o n t r i b u t i o n  o f  t h e  c e n t r a l  o b s c u r a t i o n  of r a d i u s  a  is  
U = gxa 2  2J1(kaw) 
a  kaw 
The Fraunhofe r  i n t e n s i t y  d i s t r i b u t i o n  from t h e  modi f i ed  hexagonal pr imary 
m i r r o r  w i t h  two m i s s i n g  (o r  m i s a l i g n e d )  segments w i l l  now be c a l c u l a t e d .  Repeated 
use  o f  ~ a b i n e t ' s  p r i n c i p l e  w i l l  be u t i l i z e d  i n  t h e  f o l l o w i n g F r a u n ~ o f e r  s 
t i o n .  For  example, t h e  e f f e c t  of t h e  c e n t r a l  hexagonal o b s c u r a t i o n  (A, F i g u r e  264) 
i s  o b t a i n e d  by s u b t r a c t i n g  t h e  Fraunhofer  i n t e g r a l  o f  t h e  hexagon (Equa t ion  
( 8 ) )  w i t h  s i d e  s t  = s + 2$/7!3 from t h e  same i n t e g r a l  w i t h  s i d e  s.  The 
i n t e n s i t y  o f  t h e  a p e r t u r e  o f  F i g u r e  2 6 2 b ' i s  t h u s  
The n o r m a l i z a t i o n  f a c t o r  K was a r b i t r a r i l y  d e f i n e d  a s  
T h i s  d e f i n i t i o n  of K f o r c e s  t h e  c e n t r a l  maximum of  t h e  p o i n t - s p r e a d  f u n c t i o n  
of a  c i r c u l a r  a p e r t u r e  w i t h  b o t h  m i r r o r  segment s e p a r a t i o n s  and c e n t r a l  obscura -  
t i o n  t o  have a  v a l u e  o f  1.0. T h i s  pe rmi t s  d i r e c t  c a l c u l a t i o n  of t h e  l o s s  i n  
r e l a t i v e  i n t e n s i t y  f o r  t h e  s u p e r r e s o l u t i o n  t e c h n i q u e s  d i s c u s s e d .  
ANALYSIS OF APERTURE OCCULTED BY TWO DISPLACED SYMMETRIC DISKS 
The a p o d i z a t i o n  scheme d i s c u s s e d  i s  shown i n  F i g u r e  262a. S u b s t i t u t i n g  a l t e r n a t e  
l i m i t s  on Equat ion ( l o ) ,  t h e  Fraunhofer  d i f f r a c t i o n  i n t e g r a l  f o r  t h e  a r e a  
A o f  F i g u r e  265 i s  
J' - ikpw COS(@-4) 
Uuc(w,lJ) = S 
pmin pdpd9 O 1 
Performing t h e  c o - o r d i n a t e  r o t a t i o n  and p r e l i m i n a r y  i n t e g r a t i o n  a s  r e q u i r e d  
by Equat ion (12) t h r u  (17),  t h e  Fraunhofer  d i f f r a c t i o n  i n t e g r a l  may b e  
w r i t t e n  by i n s p e c t i o n  
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Figure 265- Nomenclature for Circular Pupil Obscured by Symmetric Discs 
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The t a s k s  o f  d e r i v i n g  f u n c t i o n s  f o r  p m i n  and Bmax remain,however, The e x p r e s s i o n  
f o r  p m i n  w i l l  b e  d e r i v e d  f i r s t o  The geometry of t h e  r o t a t e d  r e f e r e n c e  
f rame  (9 8') i s  shown i n  F i g u r e  266. Applying t h e  c o s i n e  law t o  t r i a n g l e  
ABD, 
+ L 2 - R '  2 P ,in . COS9 = - (30) 
2pinin 
S o l v i n g  t h e  r e s u l t i n g  q u a d r a t i c  e q u a t i o n  f o r  pmin 
The v a l u e  0, , i s  de te rmined  by s e t t i n g  rain = R  i n  Equat ion (31) and  
s o l v i n g  f o r  gma, w i t h  t h e  f o l l o w i n g  r e s u l t  
0 
max (32) 
The f a r  f i e l d  i n t e n s i t y  d i s t r i b u t i o n  f o r  t h e  a p e r t u r e  of F i g u r e  (3 )  i s  o b t a i n e d  
w i t h  t h e  f o l l o w i n g  o p e r a t i o n  
where 
ANALYSIS OF SIX-SE@EHT MIRROR WITH TWO OPAQUE SECTIONS 
The Fraunhofe r  d i f f r a c t i o n  i n t e g r a l  of t h e  two t r u n c a t e d  "pie t t -shaped opaque 
seements i n  t h e  c e n t r a l l y  obscured  a p e r t u r e  i n  F i g u r e  267 i s  w r i t t e n  by i n s p e c -  
t i o n  o f  Equa t ion  (17) 
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AB = p min 
BD = R '  
AD = L 
Figure 266. Geometry for Symmetrical Overlapping Disks 
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The image i n t e n s i t y  d i s t r i b u t i o n  f o r  t h e  a p e r t u r e  i n  F i g u r e  267 i s  
2  2 -2 
where K" = [R(R -a )1 
The s p e c i a l  c a s e  f o r  t h e  a p e r t u r e  i n  F i g u r e  267 w i t h  no c e n t r a l  o b s c u r a t i o n  
i s  accommodated by s u b s t i t u t i n g  a  = 0  i n t o  Equa t ion  (34) .  
EXPERIMENTAL RESULTS FOR SUPERRESOLUTION COMPARISON 
I s o p h o t e  p l o t s  t o g e t h e r  w i t h  i s o m e t r i c  views of  one quadran t  of  t h e  s u p e r r e s o l u t i o n  
images a r e  p r e s e n t e d  i n  F i g u r e  268 t o  276 . The Fraunhofe r  i n t e g r a l  was s o l v e d  by a n  
SDS 9300 computer f o r  t h e  i n t e n s i t y  a t  a  p o i n t  i n  C a r t e s i a n  image s p a c e .  T h i s  
v a l u e  was c o n v e r t e d  t o  a  number p a i r  P(x ,y)  
Thus t h e  r e s u l t a n t  i s o p h o t e  p l o t  w i l l  g i v e  t h e  image i n t e n s i t y  i n  terms o f  
d e c i b e l s  (dB), where 100 ( c o n t r a c t e d  t o  00 i n  t h e  computer p l o t )  i s  t h e  maximum 
i n t e n s i t y ;  90 i s  10'~. I(O,O), 80 i s  lom2.  I (0 ,O)  and s o  f o r t h .  Each i s o p h o t e  
o f  t h e  f i g u r e s  r e p r e s e n t s  a  locus  of  e q u a l  i n t e n s i t y  where I = 10-n x I 
n  ( 0 , 0 ) ,  n  = 0 ,1 ,2  .... 
The p h y s i c a l  d imensions  chosen f o r  t h e  p u p i l s  were o b t a i n e d  from t h e  p r e l i m i n -  
a r y  d e s i g n  o f  t h e  OTES." Wherever p o s s i b l e ,  v a r i a b l e s  such a s  wavelength  and 
d iamete r  were normal ized  t o  permit  a p p l i c a t i o n  o f  t h e  r e s u l t i n g  e x p e r i m e n t a l  
r e s u l t s  t o  v a r i o u s  sys tems w i t h  minimal e f f o r t  (Table  32) The s c a l e  o f  w i s  
g iven  f o r  t h e  i s o p h o t e  p l o t s  f o r  d imens iona l  r e f e r e n c e .  
* 
Wischnia,  H.F.: O p t i c a l  Technology Apollo Extenrsion System (OTES) Phas9.A 
Study.  Perkin-Elmer Eng ineer ing  Report  No. 8900, October  1967. 
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Wave l e n g t h  
S e p a r a t i o n  o f  Disk C e n t e r  
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Radius of  O c c u l t i n g  Disk R '  
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S e p a r a t i o n  o f  M i r r o r  Segments 
V a r i a b l e  U n i t s  Value  
-
m 1 
m 
21[3 R R - S -  - 3  
F i g u r e  268 r e p r e s e n t s  t h e  unobscurred c i r c u l a r  segmented a p e r t u r e .  As d i s c u s s e d  
J. i n  OTES P r e l i m i n a r y  Repor t , "  t h e  e f f e c t  o f  t h e  s e p a r a t i o n  between segments h a s  
n e g l i g i b l e  e f f e c t  on t h e  p o i n t  s p r e a d  f u n c t i o n .  
F i g u r e  269 r e p r e s e n t s  t h e  above a p e r t u r e  w i t h  t h e  a d d i t i o n  of  a  p r o p e r l y  s c a l e d  
c e n t r a l  o b s c u r a t i o n .  I n  g e n e r a l ,  t h e  i n t r o d u c t i o n  of  t h e  c e n t r a l  o b s c u r a t i o n  
r e d u c e s  t h e  peak i n t e n s i t y  and reduces  t h e  r a d i u s  o f  t h e  f i r s t  d a r k  ring.*" 
Thus t h e  c e n t r a l  o b s c u r a t i o n  h a s  some s u p e r r e s o l u t i o n  t e n d e n c i e s .  The r e d u c t i o n  
o f  i n t e n s i t y  between F i g u r e s  2 6 8 a n d  269 i s  n o t  e v i d e n t  because  of  t h e  normal iza -  
t i o n  t e c h n i q u e  u t i l i z e d  (Equa t ion  ( 2 7 ) ' .  A l l  r emain ing  i s o p h o t e  p l o t s  w i l l  
b e  normal ized  w i t h  r e s p e c t  t o  F i g u r e  269 . 
F i g u r e s  2 7 0 a n d  271 r e p r e s e n t  t h e  p o i n t  s p r e a d  o f  t h e  seven  segment pr imary m i r r o r  
w i t h  two segments removed. To i s o l a t e  t h e  e f f e c t  of  t h e  c e n t r a l  o b s c u r a t i o n ,  . 
i s o p h o t e s  f o r  b o t h  t h e  obscured  and unobscured a p e r t u r e s  were p l o t t e d .  
Comparison o f  t h e s e  p l o t s  demons t ra te  t h a t  t h e  i n t r o d u c t i o n  of  t h e  c e n t r a l  
o b s c u r a t i o n  w i l l  i n c r e a s e  t h e  energy i n  t h e  f i r s t  r i n g  w i t h  s l i g h t  changes i n  
t h e  c e n t r a l  i n t e n s i t y  and p o s i t i o n  of  f i r s t  d a r k  r i n g .  
J. 
Wischnia ,  H.F. : O p t i c a l  Technology Apol lo  Extension System. P r e l i m i n a r y  
Repor t ,  p e r k i n - ~ l r n e r  E n g i n e e r i n g  Repor t  No. 8500,  
** 
Born, M . ,  and Wolfe, E. : Loc. C i t .  
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The compar ison of 6-segment v e r s e s  7-segment m i r r o r s  h a s  been  con templa ted  
d u r i n g  t h e  p r o g r e s s  o f  t h i s  program. I n  s u p p o r t  of  t h i s  comparison,  F i g u r e s  
272 and 273 were p l o t t e d  t o  de te rmine  t h e  p o i n t  s p r e a d  of t h e  obscured  and 
unobscured 6-segment a p e r t u r e s .  Examining t h e  p o i n t - s p r e a d  f u n c t i o n s ,  t h e r e  
i s  a  s t r i k i n g  s i m i l a r i t y  between a l l  images g e n e r a t e d  by 6- and 7- segment 
m i r r o r s .  Thus, from t h e  s t a n d p o i n t  of  imagery,  t h e  6- and 7- segment m i r r o r s  
a r e  n e a r l y  e q u i v a l e n t .  
The p o i n t  s p r e a d  obta i .ned by us i r lg  the Wilk ins  phase  sc reen*  i s  shown i n  F i g u r e s  
272, and 275. As b e f o r e ,  t h e  unobscured a p e r t u r e  i s  i n c l u d e d  f o r  r e f e r e n c e .  
The v a l u e  of @' r e p r e s e n t s  t h e  phase  d e l a y  (advance) expec ted  from t h e  phase  
s c r e e n  b e i n g  p o s i t i o n e d  i n  a  p u p i l .  S i n c e  one h a s  d o u b l e  p a t h  c o n s i d e r a t i o n s  
when l i g h t  i s  r e f l e c t e d  from a  m i r r o r ,  a  s h i f t  o f  t h e  c e n t r a l  segment by h / 4  
i s  e q u i v a l e n t  t o  a  phase  change @'=R.  F i g u r e s  274 and 275 demonstr-ate t h a t  
t h e  Wi lk ins  s c r e e n  t e c h n i q u e  g i v e s  s u p e r r e s o l u t i o n  comparable  t o  t h a t  of t h e  
t e c h n i q u e s  i n  F i g u r e s  2 7 0 t o  273, b u t  w i t h  two d i s t i n c t  a d v a n t a g e s :  
1) The image i s  symmet r i ca l  which a l l o w s  one t o  u t i l i z e  t h e  s u p e r r e s o l u t i o n  
g a i n  i n  a l l  r a d i a l  d i r e c t i o n s  and n o t  j u s t  i n  two o p p o s i t e  p o s i t i o n s  and,  
2 )  The problem of t i l t i n g  two oppos ing  segments such  t h a t  t h e y  do n o t  r e f l e c t  
l i g h t  from o t h e r  l i g h t  s o u r c e s  i n t o  t h e  a r e a  of  t h e  image p l a n e  i s  o b v i a t e d .  
An a d d i t i o n a l  advan tage  i s  demonstra ted  i n  F i g u r e  276. By v a r y i n g  @', t h e  
p o s i t i o n  of  t h e  f i r s t  d a r k  r i n g  can b e  p o s i t i o n e d  a t  a n y . a  p r i o r i  p o i n t  i n  t h e  
r e g i o n  0.7+1 where 1 r e p r e s e n t s  t h e  r a d i u s  o f  t h e  u n p e r t u r b e d  a p e r t u r e .  The 
s p e c i a l  c a s e  of 6' = 3114 was p l o t t e d  i n  F i g u r e  276. 
As ment ioned i n  t h e  i n t r o d u c t i o n ,  D r .  F r e d e r i c k s  h a s  d i s c u s s e d  t h e  s u p e r r e s o l u -  
t i o n  t e c h n i q u e  of two opposing c i r c u l a r  d i s k s .  To g e n e r a t e  a b a s i s  f o r  
comparing t h e  a l t e r n a t e  s u p e r r e s o l u t i o n  t e c h n i q u e s ,  t h e  p o i n t  s p r e a d  f o r  t h e  
two-obscura t ion  d i s k  c a s e  was a l s o  p l o t t e d .  F i g u r e  277 g i v e s  t h e  r e l a t i o n s h i p  
f o r  t h e  c e n t r a l  i n t e n s i t y  and p o s i t i o n  of t h e  f i r s t  d a r k  r i n g  a s  t h e  d i s k  
s e p a r a t i o n  i s  v a r i e d .  T h i s  cu rve  g r a p h i c a l l y  shows t h e  c a t a s t r o p h i c  r e d u c t i o n  
i n  i n t e n s i t y  f o r  t h e  c e n t r a l  maximum as one t a k e s  t h e  concep t  of  s u p e r r e s o l u t i o n  
t o  p o i n t  s o u r c e s  much c l o s e r  t h a n  h/D. As two r e p r e s e n t a t i v e  p o i n t s  on 
t h i s  cu rve ,  F i g u r e s  278 and 279 were p l o t t e d  f o r  v a l u e s  o f  I, = 1 , 3  and L = 1 . 6 ,  
r e s p e c t i v e l y .  The u t i l i z a t i o n  of t h i s  t e c h n i q u e  f o r  t h e  LTEP i s  d o u b t f u l  
because  o f  t h e  requ i rement  f o r  e x t r a  hardware  a t  one of t h e  r e l a y  p u p i l s .  
The p o s i t i o n  of t h e  minor and major  a x e s - o f  a l l  t h e  s u p e r r e s o l u t i o n  p u p i l s  
a n a l y z e d  i n  t h i s  c h a p t e r  i s  shown i n  F i g u r e  280 a s  a  b a r  c h a r t .  Note t h a t  a  
number of  t e c h n i q u e s  w i l l  y i e l d  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  minor r a d i u s  of 
t h e  f i r s t  d a r k  r i n g ,  The e a s i e s t  t e c h n i q u e  t o  implement and t h u s  t h e  p r e f e r r e d  
approach i s  t h e  Wi lk ins  s c r e e n .  
B e f o r e  we d i s c u s s  advantages/disadvantages o f  t h e  t e c h n i q u e s  d i s c u s s e d ,  t h e  
o f t e n  used  (and overworked) t e rm " r e s o l u t i o n "  shou ld  b e  examined i n  g r e a t e r  
d e t a i l ,  The commonly used  Ray'eigh c r i t e r i o n  f o r  r e s o l u t i o n  s t a t e s  t h a t  two 
p o i n t  s o u r c e s  a r e  r e s o l v e d  i f  t h e  maximum i l l u m i n a n c e  o f  one image g a l l s  on 
t h e  f i r s t  minimum o f  t h e  second image. T h i s  r u l e  i s  a  comple te ly  a r b i t r a r y  
?% 
W i l k i n s ,  J. E .  : J o u r n a l  of  Opt. Soc. h e r . ,  Vol. 40,  No. 4 ,  1950, pp. 
222-225. 
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Figure  279. C i r c u l a r  A p e r t u r e  Obscured by Symmetric Dislcs (E = 1 0 6 )  
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d e f i n i t i o n  and shou ld  no t  be  cons idered  a s  a  "law of physics" .  Ray le igh  h imse l f  
emphasized t h i s  when he  conceived i t .  Quoting him:* " t h i s  r u l e  i s  conven ien t  
on account  o f  i t s  s i m p l i c i t y  and i t  i s  s u f f i c i e n t l y  a c c u r a t e  i n  view o f  t h e  
n e c e s s a r y  u n c e r t a i n i t y  a s  t o  what i s  a c t u a l l y  meant by r e s o l u t i o n . "  
An a l t e r n a t e  r e s o l u t i o n  c r i t e r i o n  proposed by sparrow'" s t a t e s  t h a t  two p o i n t  
s o u r c e s  a r e  r e s o l v e d  when t h e  second d e r i v a t i v e  of t h e  t o t a l  i l l u m i n a n c e  
d i s t r i b u t i o n  v a n i s h e s  on a x i s .  The r e l a t i v e  g a i n  i n  r e s o l u t i o n  r e a l i z e d  by t h e  
s u p e r r e s o l u t i o n  t e c h n i q u e s  p r e v i o u s l y  d i s c u s s e d  a r e  r e a l i z e d  when one c o n s i d e r s  
e i t h e r  t h e  Ray le igh  o r  Sparrow r e s o l u t i o n  c r i t e r i a .  
The problem of r e s o l v i n g  two p o i n t  s o u r c e s  w i l l  now b e  c o n s i d e r e d  i n  t h e  u n r e a l  
world o f  no n o i s e .  I n  a p e r s  which cons idered  r e s o l u t i o n  i n  a n  e n t i r e l y  new P p e r s p e c t i v e ,  D i  F r a n c i a  c o n s i d e r e d  t h e  r e s o l u t i o n  problem from an  i n f o r m a t i o n  
t h e o r y  p o i n t  of view. T h i s  new approach was r e q u i r e d  t o  answer some embar rass ing  
dilemma. One of t h e s e  i s  of e x t r a  i n t e r e s t  t o  t h e  r e s o l u t i o n  problem b e i n g  
cons idered .  I n  a  mathemat ica l  and n o i s e l e s s  s e n s e ,  two o b j e c t s  can  be 
d i s t i n g u i s h e d  one from t h e  o t h e r  a t  any s e p a r a t i o n  a s  long a s  t h e  s p a t i a l  
f requency s p e c t r a  o f  t h e  two o b ' e c t s  a r e  no t  everywhere i d e n t i c a l  w i t h i n  t h e  
passband of t h e  o p t i c a l  system.#? T h i s  i m p l i e s  t h a t  w i t h  p roper  s e n s o r s  and 
low n o i s e ,  two-point  r e s o l u t i o n  much b e t t e r  t h a n  1 . 2 2 h / ~  i s  o b t a i n a b l e  from 
any o p t i c a l  system which i s  n e a r  d i f f r a c t i o n  l i m i t e d .  
Another dilemna o c c u r s  when one c o n s i d e r s  t h e  f o l l o w i n g  question:"How i s  i t  
p o s s i b l e  t o  r e s o l v e  p o i n t  s o u r c e s  much c l o s e r  t h a n  AID when t h e  MTF t h e o r y  
s t a t e s  t h a t  t h e  c i r c u l a r  a p e r t u r e  has  a  s p a t i a l  f requency c u t o f f  o f  AID?". 
The upper  f requency c u t o f f  a p p l i e s  on ly  t o  t h e  c a s e  where t h e  a v a i l a b l e  
i n f o r m a t i o n  i s  un i fo rmly  d i s t r i b u t e d  over  t h e  whole o b j e c t  space .  For  t h e  
s u p e r r e s o l u t i o n  c a s e ,  we a r e  n o t  i n t e r e s t e d  i n  t h e  e n t i r e  o b j e c t  space ,  b u t  
on ly  i n  a s i n g l e  image. The a p r i o r i  knowledge i n  t h i s  c a s e  i s  tremendous. 
I n  f a c t ,  we know a  p r i o r i  a l l  b u t  one b i t  of  i n f o r m a t i o n  about  t h e  o b j e c t  space ,  
t h e  one b i t  o f  i n f o r m a t i o n  be ing  t h e  s i n g l e - b i n a r y  s t a r  d e c i s i o n .  The problem 
i s  how t o  maximize t h e  p r o b a b i l i t y  of making t h e  c o r r e c t  d e c i s i o n .  
A b e r r a t i o n s  o f  a  d i f f r a c t i o n - l i m i t e d  o p t i c a l  sys tem never  
MTF. * Since  a l l  t h e  s u p e r r e s o l u t i o n  t e c h n i q u e s  d i s c u s s e d  
a c t u a l l y  a b e r r a t i o n s  i n  t h e  s t r i c t  s e n s e  of t h e  word, we can s a y  c a t e g o r i c a l l y  
t h a t  t h e  MTF of  a l l  t h e  s u p e r r e s o l u t i o n  systems 
h a s  t h e  consequence f o r  t h e  t h e o r e t i c a l  c a s e  o f  
t h e  s i g n a l - t f i - n o i s e  r a t i o  of a  b i n a r y  double  s t a r  d e c i s i o n  i s  e q u a l  t o  t h e  i n -  
t e g r a l  o v e r  a l l  s p a t i a l  f r e q u e n c i e s  o f  t h e  product  of t h e  MTF and t h e  d i f f e r e n c e  
- 
* 
Lord Rayleigh:  C o l l e c t e d  Papers .  Vol. 3, Cambridge U n i v e r s i t y  P r e s s ,  Cambridge, 
1902, p. 84. 
** 
Sparrow, C. : A s t r o p h y s i c s  J o u r n a l .  Vol. 44, 1916, p. 76. 
? De F r a n c i a ,  T . :  J. Opt .  Soc. Amera, V s l ,  59 , ,1969,  and Vol.  54, 1964. 
T f H a r r i s ,  J.L. : J. Opt. Soc. Amer,, Vol. 54, p. 606, 1964. 
'~oodman, J.W. : I n t r o d u c t i o n  t o  F o u r i e r  O p t i c s .  McGraw-Hill, New York, p. 122. 
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>k between t h e  po in t - spread  f u n c t i o n s  of t h e  two p o i n t  sources .  Th i s  s t a t e -  
ment a p p l i e s  on ly  t o  t h e  c a s e  where t h e  unknown image i s  compared on a  p o i n t -  
bybpoin t  b a s i s  w i t h  t h e  t h e o r e t i c a l  image. The p a r a l l e l  problem of image 
r e s t o r a t i o n  by d i g i t a l  a n a l y s e s  o f  images on a  point -by-point  b a s i s  was a n a l y z e d  
by Hels t rom.  ** 
The a n a l o g  t e c h n i q u e  cor responding  t o  t h e  above d i g i t a l  procedure  i s  t o  u s e  
a n  o p t i c a l  matched f i l t e r  p rocedure ,  The t e c h n i q u e s  have been demons t ra ted  
i n  t h e  l a b o r a t o r y ,  b u t  a n  e x p e r i m e n t a l  program must be  under taken  t o  de te rmine  
t h e  accuracy  o f  t h i s  a l t e r n a t e  approach when a p p l i e d  t o  t h e  problem a t  hand. 
A f t e r  t h e  c u r s o r y  rev iew of  a n  a r e a  i n  which t h e  t h e o r e t i c a l  p h y s i c i s t s  p laced  
g r e a t  emphasis,  we w i l l  re-examine t h e  t echn ique  o f  s u p e r r e s o l u t i o n  i n  t h e  
more p r a c t i c a l  s e n s e  o f  making a  d e c i s i o n  i n  t h e  " r e a l  world" o f  b i n a r y  
s tars  of  unequa l  i n t e n s i t i e s ,  nongaussian g r a i n  and background n o i s e ,  f i l m  
n o n l i n e a r i t i e s ,  n o n s t a t i o n a r y  images, and most impor tan t ,  non- idea l  d e c i d e r s  
such a s  t h e  eye.  Astronomers t r a d i t i o n a l l y  have made s u b j e c t i v e  d e c i s i o n s  
on pho tograph ic  p l a t e s  on t h e  b a s i s  of v i s u a l  examinat ion.  Using t h e  e y e  
as a s e n s o r ,  t h e r e  i s  a d e f i n i t e  advantage i n  p e r t u r b i n g  t h e  image by moving 
t h e  f i r s t  z e r o  toward t h e  c e n t r a l  maximum ( i . e . ,  s u p e r r e s o l u t i o n ) .  T h i s  
i s  a d e q u a t e l y  demonstra ted by t h e  g r e a t  i n t e r e s t  shown i n  deve lop ing  t e c h n i q u e s  
f o r  s u p e r r e s o l u t  ion .  The eye has  t h e  c a p a c i t y  o f  d e t e c t i n g  s m a l l  i r r e g u l a r i t i e s  
i n  shape and l o c a t i n g  z e r o - i n t e n s i t y  p o i n t s ,  b u t  i s  r e l a t i v e l y  poor i n  d e t e c t i n g  
s m a l l  changes i n  i l l u m i n a n c e  between p h y s i c a l l y  s e p a r a t e d  images unaided by a u x i l i a r y  
equipment.  The advantage of t h e  s u p e r r e s o l u t i o n  t echn iques  a r e  now obvious  s i n c e  they 
"per tu rb"  t h e  image i n  such a  way t h a t  b i n a r y  images a r e  more e a s i l y  "resolved"  by the  
e y e .  
The most impor tan t  r e s u l t  of  t h i s  p rev ious  d i s c u s s i o n  shou ld  now be  obvious  
t o  t h e  r e a d e r .  The optimum t e c h n i q u e  f o r  d e t e c t i n g  b i n a r y  s t a r s  w i t h  s e p a r a t i o n s  
l e s s  t h a n  t h e  Rayleigh l i m i t  i s  determined by bo th  t h e  n o i s e  c h a r a c t e r i s e i c s  a d  
t h e  d e t e c t o r .  To t h e  a u t h o r ' s  knowledge, t h e r e  a r e  no p r a c t i c a l  systems i n  
e x i s t e n c e  t h a t  a r e  des igned  t o  d e t e c t  b i n a r y  s t a r s  u s i n g  t h e  s o p h i s t i c a t e d  
* 
H a r r i s ,  J.L.: J .  Opt. Soc.  Amer., Vo1.54, 1964, p.606. . 
** 
Helstrom, Cawe:. J P  of Opt SOC,  Arner,, Vol. 57, 1967, p. 297. 
t Goodman, J . W . :  I n t r o d u c t i s n  t o  F o u r i e r  O p t i c s .  McGraw-Hill, New York, p. 122.  
?- i Barakat ,R. :  J. Opt. Soc. Amer., Vol. 52, 1962, p, 264. 
Baraka t ,  R . :  J. Opt. SOC. Amer.,Vol. 52, 1962, p. 276. 
An e x c e l l e n t  b i b l i o g r a p h y  of t h e s e  t e c h n i q u e s  a r e  inc luded  i n  Wolf, E.: 
P r o g r e s s  i n  Opt ics ,  Vol. 11, I n t e r s c i e n c e ,  New York, 1961. 
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maximtim l i k e l i h o o d  p r o b a b i l i t y  t e s t s  p r e s e n t e d  i n  t h e  mathemat ica l  models 
-k 
o f  H a r r i s  and H e l ~ t r o m , " ~  Assuming t h a t  s u f f i c i e n t  i n t e r e s t  e x i s t s  i n  t h e  
a s t r o n o m i c a l  community r o r  a  c a p a b i l i t y  of r e s o l v i n g  beyond t h e  c l a s s i c a l  
l i m i t ,  t h e  mathemat ica l  t e c h n i q u e s  d i s c u s s e d  shou ld  be reduced  t o  p r a c t i c e  
by deve lop ing  s o p h i s t i c a t e d  d e t e c t i o n  t echn iques .  
The a l t e r n a t i v e  of t a k i n g  t h e  more c  l a s s i c a  1 approach o f  i n t r o d u c i n g  c o n t r o l l e d  
a b e r r a t i o n s  which p e r m i t  a  h i g h e r  p r o b a b i l i t y  of c o r r e c t  d e t e c t i o n  by v i s u a l  
means a l s o  h a s  s i g n i f i c a n t  m e r i t .  A t  t h e  v e r y  l e a s t ,  t h e  t e c h n i q u e s  
d i s c u s s e d  i n  t h i s  s e c t i o n  shou ld  b e  t r i e d  i n  space  ( o r  ground-based s i m u l a t i o n )  
i n  a n  a t t e m p t  t o  d e r i v e  r e l a t i v e  f i g u r e  o f  m e r i t s  f o r  d e t e c t i n g  b i n a r y  s t a r s  
by p o s t  d e t e c t i o n  p r o c e s s i n g  ( 4  l a  H a r r i s  and Hels t rom) o r  by s u p e r r e s o l u t i o n .  
APODIZATION USING ENERGY REDISTRIBUTION TECHNIQUES 
The pr imary i n t e r e s t  of  t h e  p l a n e t o l o g i s t  u t i l i z i n g  t h e  LTEP w i l l  be t h e  
l o c a t i o n  a n d c a t a l o g u i n g  of  p l a n e t s  around n e i g h b o r i n g  s t a r s .  The major  
problerc i n  l o c a t i n g  p l a n e t s  does  n o t  a r i s e  from i n a d e q u a t e  r e s o l u t i o n  o f  t h e  
LTEP. F o r  example, t h e  o r b i t a l  r a d i u s  of a  p l a n e t  t h e  s i z e  and o r b i t  of  S a t u r n  
which i s  i n  o r b i t  abou t  a C e n t a u r i  w i l l  subtend up t o  7  a rc - seconds  a s  viewed 
from e a r t h  o r b i t .  When comparing t h i s  v a l u e  w i t h  t h e  LTEP r e s o l u t i o n  o f  0 .05  
a rc - second ,  one n o t i c e s  t h a t  a  s i g n i f i c a n t  number of  s t a r s  may be analyzed i n  
t h e  s e a r c h  f o r  o r b i t i n g  p l a n e t s .  
The photometry c a l c u l a t i o n s  a r e  n o t  n e a r l y  s o  encouraging.  Assuming a n  
a l b e d o  of 0 .5  , t h e  energy r a t i o  a t  maximum s e p a r a t i o n  o f  S a t u r n  r e f e r e n c e d  
t o  t h e  s u n  i s  approx imate ly  10"7:1. For  a  c e n t r a l l y  obscured  a p e r t u r e  
w i t h  25 p e r c e n t  o b s c u r a t i o n  by a r e a ,  t h e  i n t e n s i t y  of t h e  f i r s t  and second 
r i n g s  a r e  approx imate ly  0 . 0 9 : l  and 0 .013 : l .  A p o t e n t i a l l y  h a r d  problem h a s  been 
made d r a m a t i c a l l y  h a r d e r  because  o f  t h e  e f f e c t  o f  t h e  c e n t r a l  o b s c u r a t i o n  
which t r a n s f e r s  s i g n i f i c a n t  amounts o f  energy o u t  of  t h e  c e n t r a l  maximum 
i n t o  t h e  s u r r o u n d i n g  r i n g  s t r u c t u r e .  
It t h u s  a p p e a r s  improbable  t h a t  t h e  LTEP viewing a n  i d e n t i c a l  model of  t h e  
s o l a r  sys tem l o c a t e d  a t  a  r ange  of 4 l i g h t  y e a r s  could  d e t e c t  t h e  p l a n e t  S a t u r n .  
However, bo th  a n  i n c r e a s e  i n  t h e  s i z e  of t h e  i n t e r r o g a t e d  s t e l l a r  p l a n e t  by a  
f a c t o r  o f  10 and a  d e c r e a s e  i n  i t s  o r b i t  t o  t h e  e q u i v a l e n t  of  1 AU w i l l  g e n e r a t e  
a  new r a d i a n c e  r a t i o  of l o w 3 :  1. This  i s  s t i l l  o r d e r s  of  magnitude below t h e  energy  
r a t i o  of  t h e  r i n g s  of  t h e  A i r y  p a t t e r n  t o  i t s  maximum. Apodiza t ion  schemes f o r  
r educ ing  t h e  e n e r g y  s u r r o u n d i n g  t h e  c e n t r a l  maximum a r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  
It w i l l  be shown t h a t  under some s p e c i a l  c o n d i t i o n s ,  t h e  LTEP u t i l i z i n g  a u x i l i a r y  
o p t i c s  should  be a b l e  t o  d e t e c t  p l a n e t s  o r b i t i n g  ne ighbor ing  s t a r s .  
d- 
Harris, J .L. :  J. Opt. Soc. Amer., Vol. 54, 1964, p. 606. 
i'< Jc 
Hels t rom,  C.W.:  J. Opt, Soc. Amer., Vol. 57, 1967, p. 297. 
?Levy, E.C.: SRL Design Manual. Space Tech,  Labs, 1961. 
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The c l a s s i c a l  a p o d i z a t i o n  schemes r e q u i r e  t h e  p u p i l  f u n c t i o n  t o  be  a l t e r e d  by 
i n s e r t i n g  an a b s o r b i n g  mask i n  one of  t h e  t e l e s c o p e  p u p i l s .  En a  c l a s s i c  
paper ,  ~ u n e b e r g "  c o n s i d e r e d  t h e  e f f e c t  of  p l a c i n g  v a r i a b l e  d e n s i t y  f i l t e r s  
i n  a  p u p i l  t o  g e n e r a t e  an  a b e r r a t i o n  f r e e  wave f r o n t  of  v a r i a b l e  i n t e n s i t y .  
T h i s  t e c h n i q u e  d r a m a t i c a l l y  r educes  t h e  energy i n  t h e  image r i n g s  and t h u s  
a l l o w s  t h e  imaging of  p a i r s  of  o b j e c t s  w i t h  s i g n i f i c a n t l y  d i f f e r e n t  i n t e n s i t i e s  
( e . g o ,  a  p l a n e t  around a  s t a r ) .  The r e d u c t i o n  of  e l e g a n t  mathemat ics  t o  p r a c t i c a l  
a p p l i c a t i o n  i s  y e t  t o  be  f u l l y  implemented. Also ,  t h e  a v e r a g e  t r a n s m i s s i o n  of  
t h e  masks i s  t y p i c a l l y  0 . 1  which i n  t u r n  r e q u i r e s  t h a t  exposure  t imes  a r e  
s i g n i f i c a n t l y  ex tended .  ~ r i e d e n " "  h a s  r a i s e d  t h e  p o s s i b i l i t y  f o r  an " a c t i v e "  
p u p i l  ( i . e . ,  one f o r  which t h e r e  i s  a  g a i n  i n  l i g h t  f l u x )  which would a l l o w  
f o r  q u a s i - p e r f e c t  imagery w i t h o u t  any l o s s  i n  t o t a l  i l l u m i n a t i o n .  The 
implementa t ion of  t h i s  t e c h n i q u e  p r e s e n t s  fo rmidab le  problems i f  po lychromat ic  
l i g h t  ( a s  compared w i t h m ~ n o c h r o m a t i c  l i g h t  r e q u i r e d  f o r  l a s e r  a m p l i f i c a t i o n )  
i s  u t i l i z e d  by t h e  t e l e s c o p e  o p t i c a l  sys tem.  
The f o l l o w i n g  s e c t i o n  proposes  a  t e c h n i q u e  t o  r e d i s t r i b u t e ,  r a t h e r  t h a n  a b s o r b  
t h e  energy i n  t h e  e n t r a n c e  p u p i l  t o  o b t a i n  t h e  r e q u i r e d  p u p i l  f u n c t i o n .  T h i s  
h a s  t h e  d i s t i n c t  advan tage  t h a t  it  i s  a  n e a r l y  l o s s l e s s  a p o d i z a t i o n  t e c h n i q u e .  
The o p t i c a l  e lement  which performs t h e  energy r e d i s t r i b u t i o n  i s  a  p o l ~ c h r o m a t i c  
v e r s i o n  of  t h e  c o n i c a l  a x i c o n  which i s  shown i n  F i g u r e  281 a l o n g  w i t h  i t s  t u n n e l  
diagram. To make t h e  mapping complete ly  g e n e r a l ,  i t  i s  assumed t h a t  a c e n t r a l  
d a r k  zone of r a d i u s  b  e x i s t s  i n  t h e  d e v i c e "  e x i t  p u p i l .  
The v a l u e s  f o r  t h e  ext reme r a y s  i n  F i g u r e  281 were o b t a i n e d  by t h e  f o l l o w i n g  
c o n s t r a i n t s  and d e f i n i t i o n s :  
a  = = r 
- 
e n t r a n c e  p u p i l  r a d i u s  R (1) 
Not ing t h e  t u n n e l  d iagrams,  one deduces t h a t  a t  t h e  a x i c o n  e x i t  p u p i l  
So lv ing  t h e  s imul taneous  e q u a t i o n s  y i e l d s .  
-8. 
Luneberg, R. I< . :  Mathemat ica l  Theory of Opt ics .  Brown U n i v e r s i t y ,  1944. 
.?. .t 
4, 4. 
F r i e d e n ,  B . R . :  A P u p i l  Coat ing f o r  Q u a s i - P e r f e c t  Image Formation.  Tech. 
Rpt*  No. 21, U n i v e r s i t y  of Arizona,  Oct.  20, 1967. 
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( a )  Achromatic Axicon' Showing Extreme Rays 
Figure 281. Tunnel Diagram 
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( 4 )  
The e lement  u t i l i z e s  t o t a l  i n t e r n a l  r e f l e c t i o n  a t  t h e  f i r s t  s u r f a c e  and i s  
po lychromat ic  f o r  c o l l i m a t e d  l i g h t  s i n c e  t h e r e  e x i s t s  no r e f r a c t i v e  d e f l e c t i o n s  
i n  t h e  r a y  t r a c e .  N o t i n g  t h e  two r a y s  i and ii, a r a y  i n  t h e  c e n t e r  of  t h e  
e n t r a n c e  p u p i l  ( i i )  w i l l  be  mapped i n t o  t h e  o u t e r  p o r t i o n  o f  t h e  e x i t  p u p i l  
and v i c e  v e r s a .  The i n t e n s i t y  o u t p u t  from t h i s  mapping w i l l  be  r e f e r r e d  t o  
a s  p a l i n d r o m i c .  
Two t e c h n i q u e s  f o r  d u p l e x i n g  t h e  i n p u t  and o u t p u t  beams o f  t h e  a c h r o m a t i c  
a x i c o n  a r e  p r e s e n t e d  ( F i g u r e  282). The f i r s t  t e c h n i q u e  u t i l i z e s  a  f o l d i n g  
m i r r o r  w i t h  an e l l i p t i c a l  h o l e  i n  t h e  c e n t e r .  The minor a x i s  of  t h e  e l l i p s e  
i s  e q u a l  t o  t h e  d i a m e t e r  o f  t h e  c e n t r a l  o b s c u r a t i o n  i n  t h e  e x i t  p u p i l .  
T h i s  t e c h n i q u e  h a s  t h e  advan tage  t h a t  i t  i s  independent  of  t h e  s t a t e  o f  
p o l a r i z a t i o n  of t h e  t e l e s c o p e  o u t p u t ,  b u t  has  t h e  d i s a d v a n t a g e  t h a t  i t  i n t r o -  
duces  a  l o s s  of  t r a n s m i t t e d  power i n  a d d i t i o n  t o  t h a t  l o s t  by t h e  t r u n c a t i o n  
a t  t h e  e n t r a n c e  p u p i l  i f  t h e  a r e a  of  t h e  e x i t  p u p i l  c e n t r a l  o b s c u r a t i o n  i s  
l e s s  t h a n  25 p e r c e n t  of  t h e  unobscured c l e a r  a p e r t u r e .  T h i s  i s  n o t  a  s e r i o u s  
l i m i t a t i o n  s i n c e  t h e  c e n t r a l  o b s c u r a t i o n  o f  many two-mirror t e l e s c o p e s  is of  
t h i s  o r d e r .  (The c e n t r a l  o b s c u r a t i o n  of  t h e  LTEP i s  4  ~ ' e r c e n t . )  
A second t e c h n i q u e  u t i l i z e s  p o l a r i z a t i o n  ( F i g u r e  282b). Assuming t h a t  
t h e  t e l e s c o p e  i n p u t  i s  l i n e a r l y  g o l a r i z e d  i n  t h e  "pH s t a t e  r e l a t i v e  t o  t h e  
beamspl - i t t e r  p o l a r i z i n g  c o a t i n g ,  t h e  i n c i d e n t  l i g h t  i s  t r a n s m i t t e d  by t h e  
p o l a r i z a t i o n  b e a m s p l i t t e r  ."" The p r o p e r l y  o r i e n t e d  q u a r t e r  wave 
c o n v e r t s  t h i s  l i g h t  t o  c i r c u l a r  p o l a r i z a t i o n  on t h e  f i r s t  p a s s  and s u b s e q u e n t l y  
t o  "s" p o l a r i z a t i o n  a f t e r  t h e  second pass  t h r u  t h e  p l a t e .  Thu5 , the  r e t u r n i n g  
l i g h t  i s  r e f l e c t e d  by t h e  p o l a r i z i n g  c o a t i n g  and t h e  i n p u t  and o u t p u t  of t h e  
f o l d e d  a x i c o n  and a c h r o m a t i c  a x i c o n  a r e  p r o p e r l y  duplexed.  
I f  t h e  semi-cone a n g l e  o f  t h e  achromat ic  a x i c o n  i s  a ,  t o t a l  i n t e r n a l  
r e f l e c t i o n  w i l l  occur  a t  t h e  f r o n t  s u r f a c e  i f  
-1 1 2 a>n: - s i n  n  
where n = index  of  r e t r a c t i o n  
S i n c e  t h e  i n p u t  and o u t p u t  beams must be  p a r a l l e l  and c o l l i m a t e d ,  t h e  
a n g l e  o: i s  22.5 '  which i n f e r s  t h a t  n  must have a  v a l u e  g r e a t e r  t h a n  r 2 .  
-8. 
" i f  t h e  s o u r c e  i s  n o t  p o l a r i z e d  i n  t h e  "pH s t a t e ,  i t  i s  s u f f i c i e n t  t o  i n s e r t  
t h e  p o l a r i z a t i o n  b e a m s p l i t t e r  i n  t h e  beam a s  shown s i n c e  t h e  p o l a r i z i n g  beam- 
s p l i t t e r  a u t o m a t i c a l l y  chooses  t h e  r e q u i r e d  p o l a r i z a t i o n  and r e j e c t s  t h e  
unwanted p o l a r i z a t i o n .  
J- ,. ,, 
A u s t i n ,  R. : P e r s o n a l  Communication. 
' ~ c ~ n t y r e ,  C.M. : Achromatic Wave P l a t e s ,  J. Opt. Soc. Amer., Vol.  58, 
NO.  12, pp. 1575-1580. 
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(a) Spat i a  1 Mul t ip lex ing  
(b )  P o l a r i z a t i o n  f l u l t i p l e x i n g  
F igure  282. Mul t ip lex ing  Technique f o r  Energy R e d i s t r i b u t i o n  
Apodization 
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9f 
T h e  c o n e  h e i g h t  f o r  t h e  a c h r o r n a t i c  a x i c o n  c a n  b e  shown t o  be 
A s  e x p e c t e d ,  t h e  d i m e n s i o n s  of  t h e  a c h r o r n a t i c  a x i c o n  a r e  i n d e p e n d e n t  o f  t h e  
i n d e x  of  r e f r a c t  i on .  
The  i n t e n s i t y  d i s t r i b u t i o n  o f  t h e  l i g h t  i n c i d e n t  on  t h e  e n t r a n c e  p u p i l  i s  
f ( p )  = k  ( 1.) 
where  k  = n o r m a l i z a t i o n  c o n s t a n t  
The  n o r m a l i z a t i o n  c o n s t a n t  i s  computed by t h e  f o l l o w i n g  c r i t e r i o n :  
whe re  a  = c e n t r a l  o b s c u r a t i o n  r a d i u s  
R = e n t r a n c e  p u p i l  r a d i u s  
Doing t h e  n e c e s s a r y  i n t e g r a t i o n ,  t h e  c o n s t a n t  becomes 
2 2 -1 k = C ~ ( R  -a )I 
The a x i c o n  maps t h e  o p t i c a l  e n e r g y  i n  an  a n n u l u s  o f  r a d i u s  p i n  t h e  e n t r a n c e  
p u p i l  o f  r a d i u s  R, i n t o  a n  a n n u l u s  o f  d i f f e r e n t  r a d i u s  i n  t h e  e x i t  p u p i l  a s  
shown i n  F i g u r e  283. 
The  e n e r g y  i n  an  a n n u l u s  o f  t h i c k n e s s  dp i s  
S i n c e  t h e  e n e r g y  i n  a n  a n n u l u s  o f  t h i c k n e s s  dp i s  c o n s e r v e d  d u r i n g  t h e  mapping, 
t h e  e n e r g y  i n  t h e  o u t p u t  a n n u l u s  of  r a d i u s  i n  t h e  p a l i n d r o m i c  d i s t r i b u t i o n  i s  
where  p '  = r a d i a l  d i m e n s i o n  i n  e x i t  p u p i l  
The r e l a t i o n s h i p  be tween t h e  e n t r a n c e  and e x i t  p u p i l  v a r i a b l e s  p a n d p ' ,  
r e s p e c t i v e l y ,  w i l l  now b e  examined.  The l i n e a r  domains  o f  t h e  v a r i a b l e s  a r e  
7'; 
P e t e r s ,  W o ,  Ledger ,  A , :  To b e  p u b l i s h e d  i n  App, O p t i c s ,  
Annulus i n  E n t r a n c e  Pupi  l 
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Annulus i n  E x i t  P u p i l  
F i g u r e  283- Pal indromic  Map.ping Geometry 
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where 0, p a r e  c o n s t a n t s  t o  be de te rmined .  
Applying t h e  c o n d i t i o n s  of Equat ion (6)  t o  Equat ion ( 5 ) ,  t h e  s imul taneous  
e q u a t i o n s  r e s u l t  : 
Solv ing  t h e s e  e q u a t i o n s ,  
The phase term ~r denotes  t h a t  t h e r e  i s  a  r e v e r s a l  i n  t h e  d i r e c t i o n  i n  
t h e  r a d i a l  dimension d u r i n g  t h i s  -mapping. 
Equat ing Equat ion (4) t o  Equat ion ( 3 ) ,  t h e  pal indromic d i s t r i b u t i o n  i s  found 
t o  be 
The e f f e c t i v e n e s s  of  t h e  a p o d i z a t i o n  scheme w i l l  be c o n s i d e r e d  i n  terms o f  t h e  
5c 
normal ized i l l u m i n a n c e  r a t i o  a s  d e f i n e d  by Barakat.  
ik 
Barakat ,  Jo Opt. Soc, Amer.,Vol. 52, 1962, pp, 264-275. 
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(12)  
where 
F ( ~ ' )  = E - f i e l d  i n  e x i t  p u p i l  (complex) 
I D ~ ~ ( o )  l 2  = i l l u m i n a n c e  a t  c e n t e r  of f a r  f i e l d  f o r  l o s s l e s s  
a b e r r a t i o n - f r e e  A i r y  a p e r t u r e  u n i f o r m l y  i l l u m i n a t e d .  
Thus I ( 0 )  = 1 i s  t h e  maximum a t t a i n a b l e  v a l u e  o f  t h e  normal ized  i l l u m i n a n c e  
r a t i o .  
I n  p o l a r  coord ina teg*  t h e  e x p r e s s i o n  f o r  t h e  complex a m p l i t u d e  i n  t h e  
F r a u n h o f e r  p l a n e  i s  
271 1 
For  t h e  c o n d i t i o n  when t h e  i n p u t  (and t h u s  t h e  o u t p u t )  beams a r e  p a r a l l e l  
t o  t h e  a x i c o n  a x i s  (F igure  281) t h e  e x i t  p u p i l  ampl i tude  d i s t r i b u t i o n ' i s  
s imply 
The s q u a r e  r o o t  o p e r a t i o n  i s  l e g i t i m a t e  f o r  t h i s  s p e c i a l  c a s e  because  t h e  a x i -  
con a p p e a r s  t o  b e  a  p l a n e  p a r a l l e l  p l a t e  of  g l a s s ,  T h i s  i s  e a s i l y  v e r i f i e d  by 
n o t i n g  t h e  t u n n e l  diagram, Thus no phase  v a r i a t i o n s  a r e  e x p e c t e d  a c r o s s  
t h e  a p e r t u r e  and s q u a r e  r o o t  o p e r a t i o n  i s  j u s t i f i e d .  
The t u n n e l  diagram f o r  t h e  a c h r o m a t i c a x i c o n  which i s  p r e s e n t e d  i n  F i g u r e  284 
w i l l  b e  u s e d  t o  a n a l y z e  t h e  e f f e c t  of  phase  f r o n t  t i l t  on t h e  o p e r a t i o n  of 
t h e  d e v i c e .  I n  g e n e r a l ,  t h e  t u n n e l  d iagrams a r e  used t o  " fo ld"  s u r -  
f a c e s  abou t  l i n e s  l y i n g  i n  t h e  p l a n e  o f  a n  i n t e r f a c e  between media of d i f f e r e n t  
r e f r a c t i v e  i n d i c i e s .  Thus, i n  t h i s  g e n e r a l  a p p l i c a t i o n  f o r  p l a n e  s u r f a c e s  
t h e  t u n n e l  diagram model may b e  used t o  t r a c e  a l l  r a y s  t r a n s m i t t e d  th rough  
f: 
2 DFT i s  t h e  two d imens iona l  F o u r i e r  t r a n s f o r m  ( i . e . ,  t h e  F r a m h o f e r  d i f f r a c t i o n  
i n t e g r a l ) .  
** 
Baraka t ,  J. Opt. Soc. Amer., Vol. 52, 1962, pp. 264-275. 
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F i g u r e  284. Geometry f o r  Of f -ax i s  Performance 
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izke f u n c t i o n a l  model. A d d i t i o n a l  c o n s t r a i n t s  m G s t  be  a p p l i e d  i f  we c o n s i d e r  
t h e  t u n n e l  diagram w i t h  c o n i c a l  s u r f a c e s .  
S i n c e  t h e  i n t e r s e c t i o n  o f  two t a n g e n t  cones i n  t h e  r e l a t i v e  p o s i t i o n s  o f  F i g u r e  
284 i s  a  s t r a i g h t  l i n e ,  a  g iven t u n n e l  diagram i s  a p p l i c a b l e  f o r  o n l y  one r a d i a l  
l i n e  ( i , e , ,  8  = c o n s t a n t ,  P '  = p o s i t i v e  v a r i a b l e  i n  range b  5 $1). 
Assuming t h e  c e n t r a l l y  obscured  e n t r a n c e  p u p i l  i s  i l l u m i n a t e d  by a  uniform 
t i l t e d  wavefront  whose normal v e c t o r  i s  a t  an  a n g l e  P t o  t h e  ax icon  o p t i c a l  
a x i s ,  t h e  e q u a t i o n  f o r  t h e  i n p u t  i s :  
where 
n  = number of wavelengths  t i l t  from b o r e  s ighL.  
To s i m p l i f y  t h e  mathemat ics ,  i t  i s  assumed t h a t  t h e  i n t e n s i t y  d i s t r i b u t i o n  
of t h e  o u t p u t  i s  n o t  s i g n i f i c a n t l y  changed when t h e  v a l u e  of p i s  small 
( t y p i c a l  v a l u e s  of p are w 10-5 r a d i a n s  f o r  a  5-cm r a d i u s  a x i c o n ) .  
An e f f e c t  of t h i s  p e r t u r b a t i o n  i s  t o  m i s a l i g n  t h e  o p t i c a l  a x i s  of a x i c o n  and 
t h e  c e n t e r  o f  t h e  o u t p u t  d i s t r i b u t i o n  by 
3.4 a p = A A " 1.2RP (2)  
2 1p f o r  t h e  above example 
The e x i t  p u p i l  E - f i e l d  f o r  an  o f f - a x i s  s o u r c e  i s  t h u s  
E ( P ' )  = f ( p ' )  e j 0 4 p f  ,GYP) 
The phase  term @ i s  d e r i v e d  by t h e  f o l l o w i n g  p rocedure :  
a x i c o n  j @ (p ' , 8p) jf3pcosQ e  
e mapping 
which i n f e r s  w i t h  a  271 ambigui ty  
Ppcos9 = @ ( p f 9  9 )  P) 
- p ( E - p ' )  cos  6  = 0 (p ' , ,  6 )  p) 
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S u b s t i t u t i n g  i n t o  Equa t ion  ( 3 ) ,  t h e  a b e r r a t e d  p u p i l  f u n c t i o n  i s  
, ' 
where b  5 p ' ~ 1  
Note t h a t  t h e  phase  term may b e  broken i n t o  two p a r t s :  p p f c o s  9 which, 
a s  expec ted ,  i s  t h e  i d e n t i c a l  t i l t  i n t r o d u c e d  i n  Equa t ion  (1)  and p s o s g ,  
a n a b e r r a t i o n  term which i s  n o t  one of  t h e  S e i d e l  a b e r r a t i o n s .  
A d i s t u r b i n g  f e a t u r e  o f  t h i s  a b e r r a t i o n  i s  t h e  d i s c o n t i n u i t y  i n  t h e  r e g i o n  
p '  = 0  f o r  9 & t n/2,  b  = 0 ,  A v a l u e  p 1 cor responds  t o  t h e  wavefront  
t i l t  between a n  on-ax i s  s o u r c e  and o f f - a x i s  s o u r c e  i f  t h e  s o u r c e s  a r e  s e p a r a t e d  
by one Ray le igh  r e s o l u t i o n  e lement .  
S u b s t i t u t i n g  Equa t ion  (7) i n t o  t h e  Fraunhofe r  i n t e g r a l ,  t h e  f a r  f i e l d  p a t t e r n  
a t  a  p o i n t  4 dl f o r  a n  o f  f - a x i s  s o u r c e  i s :  
Using t h e t r i g o n o m e t r f c  i d e n t i t i e s ,  Equa t ion  (8) i s  modi f i ed  t o  
u(u,$) = rs d4 f d p f  v m  A - j [ k p ' a o s e c o s $  + K pfcc$in9sinb 
0  b 
where A = k p l u o s $  - @ (=-p') 
B = k p f u . s i n $  
J; 
The c r e a t i o n  of t h e  dummy v a r i a b l e s  8, D i s  r e q u i r e d  where 
which i n f e r s  t h a t  
2  2 112 
D = (A + B )  
-1. 
Technique sugges ted  by J, B a r t a s  
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S u b s t i t u t i n g  i n t o  (9 )  3 n  
where J (D)  i s  t h e  B e s s e l  Func t ion  of  f i r s t  k ind  and 
0 
S u b s t i t u t i n g  P = 0  y i e l d s  t h e  on-axis  image p r e v i o u s l y  d i s c u s s e d .  
Conclus ions  
-1, 
F i g u r e  285 g i v e s  t h e  i s o p h o t e s  f o r  t h e  on-axis  image formed by a n  a x i c a n .  
The v a l u e  D = 0.095 was chosen t o  minimize t h e  maximum i n t e n s i t y  o u t s i d e  t h e  
f i r s t  z e r o  by a  t r i a l - a n d - e r r o r  t e c h n i q u e .  The v a l u e  of  r / ~  = 0.5 ( t h e  c e n t r a l  
o b s c u r a t i o n  r a t i o )  was chosen as t y p i c a l  of  t h e  o b s c u r a t i o n  of  two-mirror  
t e l e s c o p e s  (a l though  n o t  f o r  t h e  LTEP c o n f i g u r a t i o n ) .  T h i s  c h o i c e  a l s o  
pe rmi t s  one t o  u s e  e i t h e r  of t h e  m u l t i p l e x i n g  t e c h n i q u e s  p r e v i o u s l y  d i s c u s s e d .  
The i s o p h o t e  p l o t  shows t h e  m o t i v a t i o n  f o r  c o n s i d e r i n g  energy r e d i s t r i b u t i o n  
t e c h n i q u e s  f o r  a p o d i z a t i o n .  The maximum i n t e n s i t y  o u t s i d e  t h e  f i r s t  z e r o  
(71  dB) i s  27  dB = 500 t imes  below t h e  maximum i n t e n s i t y  (98 dB). T h i s  i s  
a n  improvement of  0.09/0.002 = 45 t i m e s  over  t h e  o r i g i n a l  image. 
The e f f e c t  o f  t h e  a b e r r a t i o n  term f3 cos9  w i l l  now b e  examined, A s  e x p e c t e d ,  
i t  i s  z e r o  f o r  o n - a x i s ,  For comparison,  a  v a l u e  n  = 1,22 cor responds  t o  
a  t i l t  i n  t h e  i n p u t  wavefront  e q u a l  t o  t h e  minimum a n g u l a r  s e p a r a t i o n  i n  o b j e c t  
s p a c e  of  two p o i n t  s o u r c e s  j u s t  r e s o l v a b l e  v i a  t h e  Rayle igh c r i t e r i o n .  
F i g u r e  286 shows t h e  image of a  p o i n t  s o u r c e  t r a n s l a t e d  somewhat l e s s  t h a n  one 
r e s o l u t i o n  e lement  o f f  a x i s ,  Note t h a t  t h e  image i s  n o t  bad ly  p e r t u r b e d  b u t  does  
show some asymmetry, The heavy c r o s s  superimposed on F i g u r e s  285 th rough  289 
deno te  t h e  axFs of symmetry f o r  t h e  a x i c o n  o u t p u t  and t h e  a r row deno tes  t h e  
p o s i t i o n  of  t h e  f i r s t  minimum i n  t h e  on-axis  image, 
-*. 
Refer  t o  t h e  p r e v i o u s  s e c t i o n  f o r  d i s c u s s i o n  on i n t e r p r e t i n g  i s o p h o t e  p l o t s .  
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FLgure 285, On-Axis Intensity Distribution f o r  b = 0,095, 
r/~=0,5 and $E 0 
PERKIN-ELMER 
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Figure 286, Of f-Axis Image  with n = l 
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F i g u r e  287% Off-Axis Image w i t h  n = 2 
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Figure  288, O f  £-Axis Image w i t h  n = 3 
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F i g u r e  289 .  S u p e r p o s i t i o n  o f  P o i n t  Iniage o f  R e l a t i v e  I n t e n s i t y  
0 , 0 1  and  D i s p l a c e n e n t  n  = 2 o n t o  On-Axis Image 
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F i g u r e s  287 and 288 show o f f - a x i s  images f o r  p o i n t  s o u r c e s  d i s p l a c e d  1 .7  t i m e s  
and 2.5 t i m e s  t h e  Ray le igh  r e s o l u t i o n  l i m i t ,  r e s p e c t i v e l y .  A s  d i s c u s s e d  i n  
t h e  S u p e r r e s o l u t i o n  t e c h n i q u e  s t u d y ,  t h e  c e n t r a l  i n t e n s i t y  d e c r e a s e s  a s  a 
s t r o n g  f u n c t i o n  of t h e  i n t r o d u c e d  a b e r r a t i o n .  A s  w i l l  b e  demons t ra ted  s h o r t l y ,  
t h i s  i s  t h e  main l i m i t a t i o n  o f  t h e  energy  r e d i s t r i b u t i o n  a p o d i z a t i o n  t e c h n i q u e .  
The u l t i m a t e  t e s t  o f  t h e  e f f e c t i v e n e s s  of  t h e  t e c h n i q u e  b e i n g  d i s c u s s e d  i s  
a n a l y z i n g  t h e  i s o p h o t e s  of a  s t a r - p l a n e t  o r  s t a r - f a i n t  companion p a i r .  From 
t h e  p r e v i o u s  a n a l y s i s  o f  F i g u r e s  286-288 it i s  bbvious  t h a t  one s h o u l d  t a k e  g r e a t  
c a r e  i n  a l i g n i n g  t h e  a x i c o n  a x i s  w i t h  t h e  s t a r  c e n t e r .  T h i s  w i l l  g u a r a n t e e  
t h a t  t h e  nominal  27 dB r e d u c t i o n  i n  t h e  r i n g s  w i l l  a c t u a l l y  be  o b t a i n e d .  T h i s  
c o n d i t i o n  i s  assumed f o r  F i g u r e  289 w i t h  t h e  p l a n e t  d i s p l a c e d  by n  = 2 (1.7 
Ray le igh  r e s o l u t i o n  e l e m e n t s ) .  An i n t e n s i t y  r a t i o  of  1 0 0 : l  was r e q u i r e d  t o  
o b t a i n  a d i s c e r n i b l e  change i n  t h e  i s o p h o t e  p l o t s .  Note t h i s  i s  a p p r o x i m a t e l y  
a  2 .5- t imes  l a r g e r  r a d i a n c e  r a t i o  t h a n  one would f i r s t  assume by a n a l y z i n g  
F i g u r e  285 . A s  ment ioned p r e v i o u s l y ,  t h i s  i s  a  r e s u l t  of t h e  a b e r r a t i o n  
term. 
U t i l i z a t i o n  of t h e  t e c h n i q u e  f o r  v a l u e s  o f  n>2.5 i s  n o t  p r a c t i c a l .  T h i s  
l i m i t a t i o n  on t h e  a n g u l a r  s e p a r a t i o n  of  t h e  two p o i n t  s o u r c e s  i s  n o t  c a t a s t r o p h i c .  
Cons ide r ing  t h a t  t h e  a n g e l  c o r r e s p o n d i n g  t o  n  = 2  i s  0 . 0 1  a rc - second ,  a s i g n i f i -  
c a n t  number o f  s t ~ a r s  a t  d i s t a n c e s  f a r  beyond a - C e n t a u r i  c a n  b e  i n t e r r o g a t e d  
p rov ided  t h e  t e l e s c o p e  f a i n t  l i m i t  f o r  t h e  p l a n e t  i s  n o t  exceeded.  Also ,  
f u r t h e r  s t u d y  may w e l l  y i e l d  t e c h n i q u e s  f o r  r e d u c i n g  t h e  o f f - a x i s  a b e r r a t i o n  
and a l l o w  a  more u n i v e r s a l  a p p l i c a t i o n  of t h e  a p o d i z a t i o n  t echn ique .  
Assuming t h a t  t h e  S o l a r  sys tem i n  t y p i c a l  of  t h e  p l a n e t a r y  sys tems of n e i g h b o r i n g  
s t a r s ,  one  can  e x p e c t  s e v e r e  problems i n  u s i n g  photometry t o  d e t e c t  e x i s t e n c e  
of e x t r a s o l a r  p l a n e t s .  A s  d i s c u s s e d  p r e v i o u s l y  a  p l a n e t  t h e  s i z e  o f  S a t u r n  i n  
a n  o r b i t  of 1 AU w i l l  have a n  a p p a r e n t  magnitude o f  17M (107-times) l e s s  t h a n  
t h e  p a r e n t  star.  Without m o d i f i c a t i o n s ,  t h e  energy  r e d i s t r i b u t i o n  t e c h n i q u e  
d i s c u s s e d  i n  t h i s  s e c t i o n  w i l l  d e t e c t  energy r a t i o s  o f  approx imate ly  5M (102 
t i m e s ) .  I f  t h e  proposed t e c h n i q u e  i s  t o  b e  s u c c e s s f u l ,  i t  i s  r e q u i r e d  t h a t  t h e  
d iamete r  o f  t h e  p l a n e t  be g r e a t e r  t h a n  500 e a r t h  d i a m e t e r s  i f  t h e  LTEP is  t o  
d e t e c t  i t s  e x i s t e n c e .  T h i s  number i s  d i s a p p o i n t i n g  indeed ,  b u t  i t  s h o u l d  n o t  
be summarily d i s c u s s e d .  
The a p o d i z a t i o n  t e c h n i q u e  w i l l  a l s o  have p o s s i b l e  a p p l i c a t i o n s  i n  d e t e c t i n g  
f a i n t  companions. A s  i n  t h e  above d i s c u s s i o n ,  t h e  two s o u r c e s  must have a p p a r e n t  
magni tudes  w i t h i n  5M of  each  o t h e r  and s e p a r a t i o n s  on t h e  o r d e r  of t h e  d i f f r a c t i o n  
l i m i t  o f  t h e  t e l e s c o p e .  
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CHAPTER 1 5 :  TELESCOPE THERMAL CONSJDERATIONS 
INTRODUCTION 
The the rmal  problem i n  s p a c e  t e l e s c o p e s  may b e  approached i n  t h r e e  b a s i c  
ways: 
1. "Proper" m a t e r i a l  s e l e c t i o n  - i f  t h e  m a t e r i a l s  used i n  t h e  v a r i o u s  
t e l e s c o p e  components a r e  t h e r m a l l y  i n s e n s i t i v e  t h e r e  i s ,  a  p r i o r i ,  no t h e r m a l  
problem. 
2 .  Thermal I s o l a t i o n  - I f  t h e  t e l e s c o p e  can b e  t h e r m a l l y  i s o l a t e d  
from i t s  environment ,  t h e  t e l e s c o p e  t e m p e r a t u r e  w i l l  remain a t  a  p r e s e t  
b a s e l i n e  l e v e l  and a g a i n ,  once t h e  t e l e s c o p e  i s  o p e r a t i o n a l ,  i t  w i l l  r e -  
main o p e r a t i o n a l  and no t h e r m a l  problem w i l l  occur .  
3 .  Thermal accommodation - i f  t h e  v a r i o u s  t h e r m a l  i n f l u e n c e s  on t h e  
t e l e s c o p e  a r e  comple te ly  accommodated by,  s a y ,  a  p e r f e c t  space  c o n d i t i o n i n g  
system t h e n  t h e  t e l e s c o p e  c a n  b e  m a i n t a i n e d  a t  a  p r e s e t  t e m p e r a t u r e  con- 
d i t i o n  and no t h e r m a l  problem w i l l  e x i s t  i n  t h e  t e l e s c o p e .  
U n f o r t u n a t e l y ,  t h e  f o r e g o i n g  t h r e e  approaches  a r e  i d e a l i z e d ,  n o n - a t t a i n a b l e  
l i m i t s  i n  t h e  r e a l  wor ld .  T h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  make d e s i g n  com- 
promises  a n d / o r  t o  u s e  t h e  v a r i o u s  approaches  i n  combina t ion  t o  deve lop  a n  
a c c e p t a b l e  t o t a l  t e l e s c o p e  system. Usua l ly  optimum m a t e r i a l s  a r e  used i n  
c o n j u n c t i o n  w i t h  e x t e n s i v e  s u p e r i n s u l a t i o n  and t h e  e n t i r e  t e l e s c o p e  i s  de- 
s i g n e d  t o  promote t h e r m a l  d i f f u s i o n  t o  even-out t e m p e r a t u r e  g r a d i e n t s  and/  
o r  e x c u r s i o n s .  We c o n s i d e r  t h e  t h r e e  fundamental  approaches  t o  t h e  t e l e s c o p e  
t h e r m a l  problem on a n  i n d i v i d u a l  b a s i s  r e c o g n i z i n g  t h a t  a  m u l t i - f a c e t e d  
a t t a c k  on t h e  problem may b e  needed t o  meet t h e  o p t i c a l  e r r o r  budget  a l l o w e d  
f o r  the rmal  e f f e c t s .  
I n  t h i s  immediate s e c t i o n  of t h e  LTEP r e p o r t  we e v a l u a t e  t h e  p o t e n t i a l  o f  
c u r r e n t l y  a v a i l a b l e  methods t o  cope w i t h  t h e  d e s i g n  complexi ty  of  a  l a r g e  
spaceborne  t e l e s c o p e  system. 
Other s e c t i o n s  of t h e  r e p o r t  c o n t a i n  e x t e n s i v e  s t u d i e s  of  two advances  i n  
c u r r e n t  t echno logy  which may p rov ide  optimum s o l u t i o n s  i n  two c r i t i c a l  t e l e -  
scope d e s i g n  a r e a s .  I n  Chapter 16, C h r y s l e r  Corpora t ion  i n v e s t i g a t e s  t h e  
f e a s i b i l i t y  of a d a p t i n g  t h e  h e a t  p i p e  p r i n c i p l e  t o  t h e  t h e r m a l  c o n t r o l  o f  a  
two-meter o r b i t i n g  t e l e s c o p e .  I n  Volume II o f  t h i s  Study Repor t ,  Lockheed 
M i s s i l e s a n d S p a c e  Company r e p o r t s  on t h e  r e s u l t s  of a  t h e r m a l  d e s i g n  based  
on O p t i c a l  S o l a r  Ref l e c t o r  (OSR) , m u l t i l a y e r  i n s u l a t i o n ,  o p t i c a l  b l a c k  i n t e r i o r  
c o a t i n g ,  and a  sun s h i e l d  cap.  The a n a l y s i s  c o v e r s  s i x  d i f f e r e n t  LTEP u s a g e  
modes and t h r e e  d i f f e r e n t  o r b i t a l  a l t i t u d e s  and v a r i o u s  o r b i t a l  i n c l i n a t i o n  
a n g l e s .  
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THERMAL DESIGN OBJECTIVES 
The t h e r m a l  d e s i g n  e f f o r t  f o r  any  t e l e s c o p e  i s  c o n c e r n e d  ma in ly  w i t h  t h e  
p r e s e r v a t i o n  o f  c r i t i c a l  o p t i c a l  t o l e r a n c e s  o f  t h e  t e l e s c o p e s .  It i s  a l s o  
n e c e s s a r y  t h a t  t h e  e l e c t r i c a l  a n d  m e c h a n i c a l  e l e m e n t s  o p e r a t e  i n  a  s u i t a b l e  
t herrna 1 envi ronnient .  
THE OBJECTIVES OF THE THERMAL DESIGN EFFORT ARE AS FOLLOWS: 
PROVIDE A SUITABLE OPERATINGTEMPERATURE. 
FOR ALL TELESCOPE COMPONENTS AND SUBSYSTEM 
e PREVENT IMAGE DEGRADATION DUE TO EXCESSIVE 
THERMAL GRADIENTS I N  THE TELESCOPE OPTICAL 
SYSTEM 
The c r i t i c a l  o p t i c a l  t h e r m a l  t o l e r a n c e s  f a l l  g e n e r a l l y  i n t o  t h r e e  c l a s s i f i c a -  
t i o n s  : 
1. A l a r g e  p e r i p h e r a l  g r a d i e n t  i n  t h e  C a s s e g r a i n  s e c t i o n  o f  t h e  t e l e -  
s c o p e  t u b e  w i l l  "bend" t h e  o p t i c a l  p a t h  and  t h u s  r e s u l t  i n  p o i n t i n g  e r r o r .  
(A p o i n t i n g  e r r o r  w i l l  m i s a l i g n  t h e  e n t i r e  e x p e r i m e n t  package . )  
2.  The rma l  g r a d i e n t s  i n  l a r g e  p r imary  m i r r o r s  w i l l  compromise d i f f r a c -  
t i o n - l i m i t e d  pe r fo rmance  b e c a u s e  t h e y  w i l l  become warped .  
3 .  E x c e s s i v e  t e m p e r a t u r e  e x c u r s i o n s  o f ,  o r  g r a d i e n t s  i n ,  o p t i c a l  o r  
m e c h a n i c a l  e l e m e n t s  (windows, m i r r o r s ,  o r  s p a c e r  r o d s )  w i l l  c a u s e  a  f o c a l  
s h i f t .  
A ma jo r  e f f o r t  o f  t h e  t h e r m a l  d e s i g n  i s  t o  keep  t h e  f o r e g o i n g  t h e r m a l  e f f e c t s  
w i t h i n  s p e c i f i e d  l i m i t s .  
Thermal  t r a n s i e n t s  must b e  i n c l u d e d  i n  any  e v a l u a t i o n  o f  t h e  e f f e c t s  o f  tem-  
p e r a t u r e  g r a d i e n t s  a n d  e x c u r s i o n s  o f  c r i t i c a  1 o p t i c a  1 t o l e r a n c e s .  The f o l l o w -  
i n g  s e c t i o n s  c o n s i d e r  t h e  f o r e g o i n g  c l a s s e s  o f  p rob lems  i n  g r e a t e r  d e t a i l .  
THERMAL TOLERANCES 
It i s  more m e a n i n g f u l  i n  d i s c u s s i n g  t h e r m a l  t o l e r a n c e s  i f  a n  e x i s t i n g  s y s t e m  
can  b e  r e f e r r e d  t o ,  e s p e c i a l l y  i f  t h e  e x i s t i n g  s y s t e m  a n a l y s i s  i s  s u b s t a n t i a t e d  
by t e s t  d a t a .  The b a s i s  f o r  much o f  t h e  f o l l o w i n g  w i l l  b e  t h e  Hydrogen-Alpha 
t e l e s c o p e s  f a b r i c a t e d  f o r  t h e  ATM program and  t b e  thermal -vacuum t e s t s  t h a t  
were  c a r r i e d  o u t  t o  e s t a b l i s h  t h e  f i g u r e  v a r i a t i o n s  o f  t h e  OAO 0 .8-meter  m i r r o r .  
Whi l e  t h e s e  g e o m e t r i e s  do  n o t  d u p l i c a t e  t h e  2-meter  LTEP c o n f i g u r a t i o n ,  c o n -  
c l u s i o n s  drawn f rom t h e  programs s h o u l d  c o r r e s p o n d  t o  t h o s e  a n t i c i p a t e d  i n  
f u t u r e  LTEP progranls .  
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THE HYDROGEN-ALPHA TELESCOPES 
The Hydrogen-Alpha t e l e s c o p e s ,  one o f  which i s  shown s c h e n l a t i c a l l y  i n  
F i g u r e  290, u s e  b o t h  a c t i v e  and p a s s i v e  t h e r m a l  c o n t r o l ,  c e r ~ i t "  proved 
t o  be t h e  optimum m i r r o r  m a t e r i a l  and i s  used a l o n g  w i t h  I n v a r  s p a c e r  r o d s .  
An a c t i v e  t empera tu re  c o n t r o l  i s  used i n  t h e  Fabry-Pero t  f i l t e r  assembly.  
I n t e r n a  1 s u r f a c e  e m i s s i v i t i e s  a r e  governed by o p t i c a  1 c o n s i d e r a t i o n s .  Ex te rna  1 
s u r f a c e  e r n i s s i v i t i e s  a r e  governed by t h e r m a l  c o n s i d e r a t i o n s .  The low t u b e  
e m i s s i v i t i e s  of 0 .05  r e s u l t  i n  minimum p e r i p h e r a l  g r a d i e n t s .  The e m i s s i v i t i e s  
of  t h e  h e a t  g e n e r a t i n g  component s u r f a c e s  p rov ide  each component w i t h  t h e  means 
t o  d i s s i p a t e  i t s  own g e n e r a t e d  h e a t  by r a d i a t i o n  w i t h o u t  r e l y i n g  on c o n d u c t i o n  
t o  o t h e r  a r e a s  of t h e  t e l e s c o p e  system. 
It i s  a p p a r e n t  t h a t  a l l  t h r e e  b a s i c  approaches  were used  i n  t h e  H-Alpha pro- 
gram t o  a c h i e v e  t h e  t h e r m a l  d e s i g n  o b j e c t i v e s .  
ANALYTICAL PROCEDURE 
Standard  f i n i t e  d i f f e r e n c e  methods a r e  used f o r  t h e  s o l u t i o n  of most o f  t h e  
t e m p e r a t u r e  problems i n  t h e  t h e r m a l  d e s i g n  s t u d y  o f  t h e  t e l e s c o p e s .  The 
f i n i t e  d i f f e r e n c e  method c o n s i s t s  o f  i d e a l i z i n g  t h e  t e m p e r a t u r e  f i e l d  a s  a n  
e q u i v a l e n t  t h e r m a l  network and t h e n  s o l v i n g  t h e  network e q u a t i o n  m a t r i x  by a  
s e r i e s  of f i n i t e  s t e p s .  
Computer Programs 
1. C I N D A  (Chrys l e r  Improved Numerica 1 D i f f e r e n t i a l  Ana lyzer ) .  The 
TRW v e r s i o n  (cINDA) a d a p t e d  f o r  Univac 1108 computer i s  used p r e s e n t l y  by P e r k i n -  
Elmer f o r  most of t h e  t h e r m a l  c a l c u l a t i o n s .  
2.  View F a c t o r s  - The CONFAC program i s  used  t o  some e x t e n t .  Many view 
f a c t o r s  a r e  c a l c u l a t e d  u s i n g  s t a n d a r d  r e f e r e n c e s  such a s  Hamilton and Morgan 
(NACATN 2836).  View f a c t o r s  l e s s  t h a n  0 . 0 1  ( f o r  b o t h  nodes) a r e  g e n e r a l l y  
n e g l e c t e d .  
The o d a l  ar rangement  f o r  t h e  ATM H-Alpha t e l e s c o p e  i s  shown i n  F i g u r e  291. 
T a b l e s  of  network c o n s t a n t s  a r e  a v a i l a b l e  f o r  any i n t e r e s t e d  r e a d e r .  
T h i s  r e p o r t  p r e s e n t s  o n l y  t h e  network f o r  t h e  t o t a l  system. Other  networks  
model ing subsystems o r  components were used f o r  component and subsystem t h e r -  
mal i n v e s t i g a t i o n s .  
$r 
A p roduc t  o f  Corning Glass  Works, Corning,  N . Y .  
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TRANSIENTS 
The Hydrogen-Alpha t e l e s c o p e  w i l l  r e a c h  a  pseudo-s teady s t a t e  c o n d i t i o n  ( a f t e r  
which t i m e  v a r i a t i o n s  of t e m p e r a t u r e  w i l l  be  r e p e t i t i v e )  a  few hours  a f t e r  
sys tems o p e r a t i o n  b e g i n s .  The f r o n t  hous ing  w i l l  g e n e r a l l y  undergo t h e  most 
s e v e r e  c y c l i c  t e m p e r a t u r e  v a r i a t i o n s  of any sys tem component. (See F i g u r e  
292.) Behind t h i s  a r e a ,  t h e  c y c l i c  v a r i a t i o n s  a t t e n u a t e  v e r y  r a p i d l y .  A t  t h e  
C a s s e g r a i n  mid-sec t ion ,  t h e  c y c l i c  v a r i a t i o n s  a r e  no t  d i s c e r n a b l e  on a  p l o t  w i t h  
a  r e a l i s t i c  t e m p e r a t u r e  s c a l e .  
It i s  r e a s o n a b l e ,  t h e r e f o r e ,  t o  r e f e r  t o  t h e  s t e a d y - s t a t e  t e m p e r a t u r e  o f  a  node 
even i f ,  t h e o r e t i c a l l y ,  t h e  t e m p e r a t u r e  undergoes  a  s m a l l  c y c l i c  v a r i a t i o n  (of  
1/100 of a  degree  o r  s o )  w i t h i n  a  c r i t i c a l  e lement .  The f o r e g o i n g  s t a t e m e n t  
assumes,  of  course ,  t h a t  t h e  t e l e s c o p e  d e s i g n  w i l l  p r o v i d e  a  s u i t a b l e  a t t e n u a -  
t i o n  of t h e  the rmal  g r a d i e n t s  i n  t h e  c r i t i c a l  o p t i c a l  a r e a s  of t h e  t e l e s c o p e .  
SYSTEM PERIPHERAL GRADIENTS 
A p l o t  of t h e  p e r i p h e r a l  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  C a s s e g r a i n  s e c t i o n s  of 
t h e  two t e l e s c o p e s  i s  shown i n  F i g u r e  293.  The HCO-Ha p e r i p h e r a l  g r a d i e n t  
peaks a t  abou t  0.2Z°F a t  t h e  mounting p lane .  The maximum l o c a l  ATM-Ha p e r i -  
p h e r a l  g r a d i e n t  i s  0 . 1 1 " ~  a t  d e s i g n  p o i n t  c o n d i t i o n s .  V a r i a t i o n s  i n  c a n i s t e r  
t e m p e r a t u r e s  a r e  a t t e n u a t e d  by abou t  100:1 ,  e .g . ,  a  change of  1°F i n  t h e  c a n -  
i s t e r  changes t h e  l o c a l  p e r i p h e r a l  g r a d i e n t  by 1 / 1 0 0 ° ~ ,  o r  l e s s .  The p e r i -  
p h e r a l  g r a d i e n t s  a r e  of  t h e  o r d e r  of  O.Ol°F/inch of  d i a m e t e r .  
HYDROGEN-ALPHA DESIGN RESULTS 
The r e s u l t s  o f  t h e  o p t i c a l - t h e r m a l  a n a l y s i s  of t h e  HCO-Ha and ATM-Ha 
t e l e s c o p e s  a r e  summarized i n  Tab le  33. The s p e c i f i e d  o p t i c a l  t e m p e r a t u r e  
t o l e r a n c e  l i m i t s  a r e  compared w i t h  t h e  computed t e m p e r a t u r e  v a r i a t i o n s .  I n  
a l l  c a s e s ,  t h e  c a l c u l a t e d  t e m p e r a t u r e  v a r i a t i o n s  a r e  w i t h i n  t h e  a l l o w a b l e  
t e m p e r a t u r e  t o l e r a n c e s .  
S e v e r a l  comments a r e  a p p r o p r i a t e :  
e The p o i n t i n g  e r r o r  due t o  p e r i p h e r a l  g r a d i e n t s  w i l l  b e  no l a r g e r  
than 1 a rc - second .  
e Due t o  t h e  s m a l l  s i z e  of t h e  H-Alpha pr imary m i r r o r ,  t h e  f i g u r e  v a r i a -  
t i o n  w i t h  t e m p e r a t u r e  g r a d i e n t  i s  i n s i g n i f i c a n t .  T h e r e f o r e ,  no t h e r m a l  t o l e r a n c e  
based on f i g u r e  e r r o r  i s  l i s t e d .  
e The most s i g n i f i c a n t  t h e r m a l  e f f e c t  on t h e  H-Alpha t e l e s c o p e  o p t i c a l  
sys tems was t h e  p o s s i b l e  focus  s h i f t .  However, t h e  t e m p e r a t u r e  c o n t r o l  
i s  s u f f i c i e n t l y  p r e c i s e  s o  t h a t  a c t i v e  f o c u s  p o s i t i o n i n g  sys tems a r e  n o t  r e -  
q u i r e d .  
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TABLE 3 3 .  SUMMARY OF H-ALPHA TELESCOPE THEML TOLERANCES 
ELEMENT OK ASSEMBLY AT OK GRADIENT EFFECT TOLERANCE CALCULATED 
Heat R e j e c t i o n  Window R a d i a l  G r a d i e n t  Focus S h i f t  2.5"F l .O°F 
I n v a r  Spacer  Rods Change i n  Temp. Focus S h i f t  +6 OF f 4°F 
(Cassegra in )  
Pr imary Mir ro r  A x i a l  G r a d i e n t  Focus S h i f t  1 .5"F 0 .5"F  
Change i n  Temp. Focus S h i f t  +50 OF rt4"F 
Secondary M i r r o r  A x i a l  G r a d i e n t  Focus S h i f t  2.5"F 0.2"F 
Fabry-Pero t  R a d i a l  G r a d i e n t  h S h i f t  0 .5"F  0 .15"F  
0 
Change i n  Temp. S h i f t  l .O°F 
0 
(0 .2"F)  
Te lescope  Tube P e r i p h e r a l  P o i n t i n g  E r r o r  0 .5"F 0 .20°F  
( C a s s e g r a i n  S e c t o r )  ( 5  Arc-Sec/"F) 
Note: To le rances  l i s t e d  a r e  o n l y  t h o s e  c o n s i d e r e d  c r i t i c a l  t o  t h e  o p t i c a l  
performance of  the  t e l e s c o p e .  
PRIMARY MIRROR WDIENT S  
S e v e r a l  y e a r s  ago The Perkin-Elmer C o r p o r a t i o n  i n i t i a t e d  a  program t o  e v a l u a t e  
t h e  e f f e c t s  of t h e r m a l  d i s t u r b a n c e s  on d i f f r a c t i o n - l i m i t e d  m i r r o r s  i n  space -  
borne  t e l e s c o p e  sys tems.  I n  a d d i t i o n  t o  t h e  a c q u i s i t i o n  of s p e c i f i c  d a t a  and 
de format ion  g u i d e l i n e s ,  t h e  program had two o t h e r  o b j e c t i v e s :  
e The development o f  a n  a n a l y t i c a l  model t h a t  c o u l d  be  used t o  p r e d i c t  
a c c u r a t e l y  t h e  t h e r m o e l a s t i c  de fo rmat ion  of pr imary m i r r o r s .  
e The r e f i n e m e n t  of  e x p e r i m e n t a l  t e c h n i q u e s  t o  measure a c c u r a t e l y  
t h e  r e s u l t a n t  d e f o r m a t i o n s  w i t h  e r r o r s  of  l e s s  t h a n  O.lOc and 0 .011  f o r  t h e r -  
mal g r a d i e n t s  up t o  10°c .  
A l l  t h r e e  o b j e c t i v e s  were ach ieved  f o r  t h e  0.8-meter m i r r o r  t e s t e d .  Some 
g e n e r a l  d e s i g n  g u i d e l i n e s  and a  b r i e f  summary o f  proven e x p e r i m e n t a l  and 
a n a l y t i c a l  t e c h n i q u e s  a r e  no ted  below. The e x p e r i m e n t a l  and a n a l y t i c a l  t e c h -  
n i q u e s  a r e  d i s c u s s e d  f i r s t .  
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EXPERIMENTAL TECHNIQUES 
A v e r t i c a l  t e s t  t a n k ,  o p e r a t e d  under  vacuum, i s  w e l l  s u i t e d  a s  t h e  t e s t  chamber. 
An a b s o l u t e  p r e s s u r e  of l e s s  t h a n  1 m i l l i m e t e r  Hg w i l l  pe rmi t  p r e c i s e  f i g u r e  
measurement t e s t s  w i t h o u t  t h e  d e g r a d i n g  e f f e c t s  of  a i r  t u r b u l e n c e .  An a i r  b a g  
m i r r o r  s u p p o r t  sys tem can b e  employed t o  minimize mechan ica l  d e f l e c t i o n s  caused  
by t h e  weight  o f  t h e  m i r r o r  and t o  s i m u l a t e  t h e  g r a v i t y - f r e e  c o n d i t i o n s  en- 
c o u n t e r e d  i n  a s p a c e  environment.  
Heat  i n p u t  p a t t e r n s  s i m i l a r  t o  t h o s e  a n t i c i p a t e d  f o r  a  s p a c e c r a f t  a r e  imposed 
upon t h e  t e s t  m i r r o r .  These t h e r m a l  i n p u t s  can be  produced by a  number of 
i n d i v i d u a l l y  c o n t r o l l e d  e l e c t r i c  h e a t e r  pads l o c a t e d  a t  t h e  m i r r o r  p e r i p h e r y  
and back s u r f a c e .  P r o v i s i o n  c o u l d  b e  made t o  s i m u l a t e  s o l a r  h e a t i n g  i f  d e s i r e d .  
Temperature  Sens ing  I n s t r u m e n t a t i o n  
The t e m p e r a t u r e s  a t  t h e  m i r r o r  s u r f a c e s  a r e  measured by t h e  u s e  of thermo- 
c o u p l e s  and t h e r m i s t o r s  mounted d i r e c t l y  on t h e  m i r r o r  s u r f a c e s .  Each t e s t  
m i r r o r  can b e  moni to red  w i t h  abou t  100 f i v e - m i l ,  o r  s m a l l e r ,  copper-  
thermocouples  and i t s  d i f f e r e n t i a l  t e m p e r a t u r e s  measured t o  a n  accuracy  of 
b e t t e r  t h a n  O.lOc. 
F i g u r e  294 i s  a  photograph o f  t h e  back  f a c e  of  t h e  OAO-C m i r r o r  w i t h  t h e  tem- 
p e r a t u r e  s e n s o r s  i n  p l a c e .  Only abou t  a  t h i r d  of t h e  t o t a l  number o f  s e n s o r s  
mounted on t h e  m i r r o r  a r e  v i s i b l e .  The e x p e r i m e n t a l l y  measured t h e r m a l  con- 
t o u r  map and t h e  s e n s o r  l o c a t i o n s  a r e  shown i n  F i g u r e  295. 
Displacement S e n s i n g  I n s t r u m e n t a t i o n  
* 
A s c a t t e r p l a t e  i n t e r f e r o m e t e r  , used t o  measure m i r r o r  s u r f a c e  de fo rmat ion ,  
i s  mounted a t  t h e  t o p  o f  t h e  t e s t  t a n k  c l o s e  t o  t h e  m i r r o r  c e n t e r  o f  c u r -  
v a t u r e .  A s m a l l  c o r n e r  cube a t t a c h e d  t o  t h e  c e n t e r  of t h e  m i r r o r  w i l l  permit  
m o n i t o r i n g  t h e  s e p a r a t i o n  d i s t a n c e  between t h e  miggor f r o n t  s u r f a c e  and t h e  
s c a t t e r p l a t e  by means o f  a  r a n g i n g  i n t e r f e r o m e t e r  a t t a c h e d  t o  t h e  same 
framework a s  t h e  s c a t t e r p l a t e  head.  F i g u r e  296 shows t h e  g e n e r a l  r e l a t i o n -  
s h i p  of  t h e  m i r r o r ,  i n t e r f e r o m e t e r s  and mounts.  
st. 
P u b l i c a t i o n  of  The Perkin-Elmer C o r p o r a t i o n :  New Developments i n  I n t e r f e r o m -  
e t r y .  Symposium h e l d  a t  Norwalk, Connec t i cu t ,  Perkin-Elmer C o r p o r a t i o n ,  
Norwalk, Connec t i cu t ,  September 21, 1967. 
9c Jc 
Minkowitz, S. and Smith-Varr ig ,  W.R.: The Perkin-Elmer Model INF-1 Lase r  
I n t e r f e r o m e t e r .  Perkin-Elmer P u b l i c a t i o n ,  1967. A summary d e s c r i p t i o n  of 
t h e  o p e r a t i o n  of  t h e  s c a t t e r p l a t e  i n t e r f e r o m e t e r  i s  a l s o  given i n  Appendix E. 
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F i g u r e  2 9 4 . ~ e n s o r s  o n  Back o f  M i r r o r  
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S c a l e  
I 
0 .1  Meter 
Sensor  Loca t ions  
F igure  295-  Thermal Contour Map of Back Face of OAO-C 
Mir ro r  w i t h  ( P a r a b o l i c )  R a d i a l  G r a d i e n t  
Impressed on t h e  Mir ro r  
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Retroreflector 
Figure296, Optigal Schematic of Test Mirror and Interferometers 
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The t e c h n i q u e  of  s c a t t e r p l a t e  i n t e r f e r o m e t r y  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  
i n  F i g u r e  377 i n  Appendix E l  
An example  o f  t h e  r e s u l t i n g  i n t e r f e r e n c e  p a t t e r n  i s  shown i n  F i g u r e  297. 
A s  d e s c r i b e d  be low,  t h e  r a d i a l  p o s i t i o n  of  t h e s e  f r i n g e s  i s  measured  a n d  a  com- 
p u t e r  t h e n  g e n e r a t e s  a  c o n t o u r  map o f  t h e  e r r o r s  i n  t h e  s u r f a c e  ( F i g u r e s  298 
and  299) .  The computer  program i s  u s e d  t o  d e t e r m i n e  t h e  r m s  f i g u r e  t o l e r a n c e  
o f  t h e  b e s t  f i t t i n g  p a r a b o l a ;  t o  e v a l u a t e  t h e  O p t i c a l  P a t h  D i f f e r e n c e s  (OPD) 
a c r o s s  t h e  m i r r o r  s u r f a c e ;  a n d  t o  o p t i m i z e  t h e  d i s t a n c e  be tween  t h e  p l a n e  o f  
t h e  s c a t t e r p l a t e  and  t h e  m i r r o r  c e n t e r  o f  c u r v a t u r e .  
The change  i n  m i r r o r  r a d i u s  of  c u r v a t u r e  a s  a  f u n c t i o n  o f  t h e r m a l  c h a n g e s  i n  
t h e  m i r r o r  i t s e l f  i s  q u i t e  i m p o r t a n t ,  s i n c e  t h e  f i r $ t - o r d e r  e f f e c t  i n  a n y  r i s e  
o r  d r o p  i n  t h e  t e m p e r a t u r e  o f  a  m i r r o r  i s  a f o c a l  s h i f t  due  t o  a  s l i g h t  c h a n g e  
i n  c u r v a t u r e  o f  t h e  m i r r o r  s u r f a c e .  
The s c a t t e r p l a t e  i n t e r f e r o m e t e r  can  be  u s e d  t o  d e t e r m i n e  t h e  p o s i t i o n  o f  b e s t  
f o c u s  f o r  t h e  m i r r o r ;  however,  a  means f o r  c o r r e c t i n g  f o r  v a r i a t i o n s  o f  t h e  
t e s t  t a n k  l e n g t h  w i t h  c h a n g i n g  t e m p e r a t u r e ,  p r e s s u r e ,  o r  o t h e r  e x t e r n a l  e f f e c t s  
must b e  p rov ided .  T h i s  may be  a c c o m p l i s h e d  t o  a n  a c c u r a c y  o f  h / 2  w i t h  a  l a s e r  
r a n g i n g  i n t e r f e r o m e t e r .  Only measurements  r e l a t i v e  t o  some i n i t i a l  o r  s t a r t i n g  
c o n d i t i o n  a r e  n e c e s s a r y  s i n c e ,  i n  a l l  c a s e s ,  t h e  f o c u s  s h i f t s  a r e  r e f e r r e d  
b a c k  t o  a  r e f e r e n c e  m i r r o r  c o n d i t i o n  a t  t h e  i n i t i a l  i s o t h e r m a l  s t a t e .  
A p a t h  l e n g t h  l a s e r  i n t e r f e r o m e t e r  s u c h  as t h e  Pe rk in -E lmer  INF can  b e  mounted 
t o  t h e  same r e f e r e n c e  b u l k h e a d  a s  t h e  s c a t t e r p l a t e ,  a n d  a  c o r n e r  c u b e  i s  
mounted t o  t h e  t e s t  m i r r o r .  T h i s  a r r a n g e m e n t  p e r m i t s  c o n t i n u o u s  m o n i t o r i n g  
o f  t h e  o p t i c a l  p a t h  d i f f e r e n c e  be tween t h e  m i r r o r  a n d  s c a t t e r p l a t e .  
A d e t a i l e d  d e s c r i p t i o n  o f  t h e  INF-1 r a n g i n g  i n t e r f e r o m e t e r  i s  g i v e n  i n  
-1. 
Minkowit z .  " 
Disp lacemen t  d a t a ,  r e c o r d e d  i n  t h e  form of  a s c a t t e r p l a t e  i n t e r f e r o g r a m  s u c h  
a s  s e e n  i n  F i g u r e  2 9 8 ,  c o n s i s t s  o f  a  l a r g e  number o f  d a r k  a n d  l i g h t  " c o n c e n t r i c "  
c i r c l e s  on t h e  s u r f a c e  o f  t h e  m i r r o r .  The f r i n g e  p a t t e r n  l o c a t i o n s  a r e  de -  
t e r m i n e d  p r e c i s e l y ;  t h e  l o c a t i o n  d a t a  a r e  f e d  t o  a  compu te r  t h a n  s c a n s  t h e  d a t a  
f o r  e r r o r s  and  a d j u s t s  r e a d i n g s  t o  a l l o w  f o r  m i r r o r  t i l t  and  d i s p l a c e m e n t s .  
The program t h e n  computes a n d  p r i n t s  o u t  t h e  e q u a t i o n  o f  t h e  " b e s t - f i t "  p a r a -  
b o l i c  s u r f a c e  ( l e a s t  r e s i d u a l  O P D ' S )  and  t h e  r m s  f i g u r e  v a l u e ,  and t r a c e s  t h e  
OPD p r o f i l e s  o f  t h e  e i g h t  m i r r o r  d i a m e t e r s  ( r e l a t i v e  t o  t h e  b e s t  f i t  s u r f a c e )  
a s  shown i n  F i g u r e s  298 and  299,  
-7. 
Minkowi tz ,  ope tit- (See r e f e r e n c e  on page  574 . )  
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F i g u r e  297. I n t e r f e r o g r a m  of a  S c a t t e r p l a t e  
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A r e f e r e n c e  Fn te r fe rogsam i s  t a k e n  w i t h  t h e  m i r r o r  i n  a n  i s o t h e r m a l  c o n d i t i o n  
p r i o r  t o  each t e s t .  A q u a n t i t a t i v e  assessment  of t h e  e f f e c t s  o f  t h e i r  t h e r m a l  
g r a d i e n t s  i s  o b t a i n e d  by a  comparison of t h e  OPD f i g u r e  de fo rmat ions  and b e s t -  
f i t  p a r a b o l a  between t h e  r e f e r e n c e  and t h e  h e a t e d  c o n d i t i o n s .  
The a n a l y t i c a l  model i s  d e f i n e d  u s i n g  t h e  s i m p l e s t  approach t h a t  can l e a d  t o  
a  s e t  of r e s u l t s  r e p r e s e n t a t i v e  of  t h e  a c t u a l  p h y s i c a l  c o n d i t i o n .  Some of t h e  
p o t e n t i a l  methods f o r  r e p r e s e n t i n g  t h e  m i r r o r  t h a t  cou ld  have been c o n s i d e r e d ,  
i n  o r d e r  o f  i n c r e a s i n g  complexi ty ,  a r e :  
Membrane 
Thin  P l a t e  
Th ick  P l a t e  
Thin  S h e l l  
Th ick  S h e l l  
M u l t i  S h e l l  
S i n c e  t h e  membrane ana logy  cannot  d e a l  w i t h  a x i a l  t e m p e r a t u r e  g r a d i e n t s ,  t h i n  
p l a t e  t h e o r y  h a s  been used  and,  t h u s  f a r ,  h a s  p rov ided  a n  a c c e p t a b l e  m i r r o r  
mode 1. 
The complex m i r r o r  s t r u c t u r e  i s  c o n s i d e r e d  a s  a  f l a t  p l a t e  composed o f  a n  
i s o t r o p i c  m a t e r i a l  w i t h  " e f f e c t i v e "  e l a s t i c  c o n s t a n t s .  The t h e r m o e l a s t i c  
de fo rmat ion  e q u a t i o n s  f o r  t h e  a n a l y t i c a l  model,* based  on t h i n  p l a t e  t h e o r y ,  
have been programmed f o r  computer s o l u t i o n .  
A n a l y t i c a l  p r e d i c t i o n s  have  been l i m i t e d  h e r e i n  t o  de fo rmat ions  r e s u l t i n g  from 
axi-symmetr ic  t e m p e r a t u r e  g r a d i e n t s .  Non-axi-symmetric t e m p e r a t u r e  d i s t u r b a n c e s  
do n o t  l e n d  themse lves  t o  s i m p l e  g e n e r a l i z a t i o n s  w i t h o u t  e x t e n s i v e  q u a l i f i c a -  
t i o n s .  A summary of  t h e  p o s t u l a t e d  g r a d i e n t s  and t h e  r e s u l t i n g  d i sp lacement  
v e c t o r  components f o l l o w s :  
TABLE 34.  TEMPERATURE GRADIENTS AND RESVLTING DISPLACEMENTS 
Temperature 
G r a d i e n t  Displacement Comment 
Radi a  1 
R a d i a l  
Axia l  
A x i a l  
Axia l  
Axia l  W 
1 
Rad ia l  U 2  
Axia l  W 3 
R a d i a l  U 
4 
Axia l  W 5 
See F i g u r e  
See F i g u r e  
See F i g u r e  
See F i g u r e  
See F i g u r e  
* 
Boley,  B. and Wekner, J . R .  : Theory o f  Thermal S t r e s s e s .  Wiley,  New P o r k ,  1962 * 
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The r a d i a l  d i s p l a c e m e n t s ,  U and U4, a r e  c o n s i d e r e d  on ly  a s  t h e y  imply a n  2 
a x i a l  d i s p l a c e m e n t ,  a t  a  f i x e d  r a d l u s ,  due t o  t h e  c u r v a t u r e  o f  t h e  m i r r o ~  
I n  t h e  c a s e  of  a p a r a b o l i c  s u r f a c e ,  t h e  a s s o c i a t e d  a x i a l  d i sp lacement  i s  
The t o t a l  d i sp lacement  W a t  a  p o i n t  i s  a  summation of  t h e s e  f i v e  c o n t r i b u t i o n s  
T  
Once a  the rmal  p r o f i l e  h a s  been h y p o t h e s i z e d  and the  p o i n t - b y - p o i n t  d e f l e c t i o n s  
a r e  e v a l u a t e d ,  a  b e s t - f i t  pa rabo la  i s  de te rmined  f o r  t h e  r e s u l t i n g  m i r r o r  pro-  
f i l e .  The computer a l s o  c a l c u l a t e s  t h e  rms d e g r a d a t i o n  from c u r v a t u r e  due t o  
the  t empera tu re  p r o f i l e .  
T h e o r e t i c a l  R e s u l t s  
The u s e f u l n e s s  of  t h e  t echn ique  i s  i l l u s t r a t e d  i n  t h e  p r e d i c t e d  d e f o r m a t i o n s  
f o r  t h e  0 .8-meter  OAO-C fused  s i l i c a  e g g c r a t e  m i r r o r .  S p e c i f i c a l l y ,  a s  
summarized i n  T a b l e  35 , t h e  ( a )  and ( 6 )  s k e t c h e s  show n e g l i g i b l e  rms de-  
f o r m a t i o n  f o r  uniform f r o n t - t o - b a c k  t empera tu re  d i f f e r e n c e s .  The f o c a l  s h i f t ,  
however, i s  i n  e x c e s s  of 40 x meters / "C .  Thus, t h e  m i r r o r ,  w h i l e  bending 
under  t h e  i n f l u e n c e  of  a n  a x i a l  g r a d i e n t ,  t e n d s  t o  m a i n t a i n  a  p a r a b o l i c  shape.  
Temperature g r a d i e n t s  i n c r e a s i n g  i n  t h e  r a d i a l  d i r e c t i o n  show a  g r e a t e r  focus  
s h i f t  than  do t empera tu re  g r a d i e n t s  of t h e  same magnitude d e c r e a s i n g  r a d i a l l y .  
(See  s k e t c h e s  ( c )  and ( d ) . )  The same s t a t e m e n t  a p p l i e s  t o  p a r a b o l i c  temper- 
a t u r e  p r o f i l e s  a s  shown i n  s k e t c h e s  ( £ )  and ( g ) .  Both t h e  f o c u s  s h i f t  and t h e  
rms d e g r a d a t i o n  e x h i b i t  a n  e s s e n t i a l l y  d i r e c t  c o r r e l a t i o n  w i t h  t h e  magnitude 
of  t h e  t empera tu re  p e r t u r b a t i o n .  (See s k e t c h e s  (d )  and (e ) . )  
ANALYTICAL MODEL EVALUATION AND COMPARISON 
A t h e r m a l  c o n t o u r  map i s  shown i n  F i g u r e  301 . Measured t e m p e r a t u r e  d a t a  
p o i n t s  from bo th  t h e  back and f r o n t  m i r r o r  f a c e s  a r e  f e d  t o  t h e  computer i n  
c o n j u n c t i o n  w i t h  t h e  t h e r m o e l a s t i c  de fo rmat ion  program and t h e  m i r r o r  
c o n f i g u r a t i o n  and m a t e r i a  1 c o n s t a n t s .  
The computer u s e s  a  Lagrangian i n t e r p o l a t i o n  procedure  t o  i n t e r p o l a t e  t h e  
t e m p e r a t u r e  d a t a  a s  r e q u i r e d ,  and c a l c u l a t e s  t h e  component d e f l e c t i o n s  and  
t h e  t o t a l  a x i a l  d e f l e c t i o n .  
The computer subsequen t ly  r e f i t s  a  b e s t - f i t t i n g  p a r a b o l i c  s u r f a c e  t o  t h e  de- 
formed s u r f a c e  by means of a  l e a s t  s q u a r e s  a n a l y s i s ,  and b r i n g s  o u t  t h e  
r e s i d u a l s .  I n  a d d i t i o n ,  i t  computes t h e  r m s  d e g r a d a t i o n  from t h e  i d e a l  
s u r f a c e  and t h e  change i n  r a d i u s  of  c u r v a t u r e  of t h e  m i r r o r .  
A comparison o f  exper imenta l  and a n a l y t i c a l  r e s u l t s  f o r  t h e  OAO-C m i r r o r  f o r  
s e v e r a l  the rmal  p r o f i l e s  i s  shown i n  Table  36 . 
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TABLE 36 . GOMPARISON OF EXPERIMENTAL AM> ANALYTICAL WSULTS 
Thermally-Induced RMS 
Deformation (Waves) 
h = 0.6328 Micron Focus Shift (Microns) 
Temperature Ulstribution 
Experimental Analytical Experimntal (2) Analytical Profile Gradient 
Axial 
Radial (Central) 3.0°C 
Heaters) 7.0'C 
12.0 C 
Radial (Para- 8.O0C 
bolic; Edge 
Heaters) 
Radial (Linear) 8.O'C 
No Data -125 No Data 
No Data -125 No Data 
Lateral 
( I )  Central mirror area unscattered observed during experimeill- due ta 
laser lighi. --- Mirror Rear Surface 
_--- Mirror Front Surface 
( 2 )  Corrections for test tank length changes. (50 rnicrons!C) result 
in excellent agrcenlent. 
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MIRROR DEFORMATION RESULTS 
The f o l l o w i n g  c o n c l u s i o n s  have been reached  a s  a  r e s u l t  o f  t h e  program. Note 
t h a t  t h e  c o n c l u s i o n s  a r e  b e l i e v e d  g e n e r a l l y  v a l i d  even though e x p e r i m e n t a l  
v e r i f i c a t i o n  i s  a v a i l a b l e  on ly  f o r  t h e  0 .8-meter  e g g c r a t e  f u s e d  s i l i c a  m i r r o r .  
1. M i r r o r  s u r f a c e  de fo rmat ions  due t o  t e m p e r a t u r e  changes  a r e  s m a l l .  
The r m s  changes due t o  v a r i o u s  t e m p e r a t u r e  g r a d i e n t s  a s  l a r g e  a s  1°c/cm a r e  
g e n e r a l l y  much l e s s  t h a n  0 .04h.  
2.  Focus s h i f t s  of  250 microns f o r  a  0.5"c/cm a x i a l  t e m p e r a t u r e  
g r a d i e n t  a r e  obse rved  d e s p i t e  t h e  compensat ing e f f e c t  o f  accompanying r a d i a l  
g r a d i e n t s  (due t o  edge e f f e c t s ,  e t c . ) .  
3 .  An a rea -weigh ted  a v e r a g e  of t h e  a x i a l  g r a d i e n t  can be u s e d  t o  p r e d i c t  
t h e  probab1.e change i n  f o c u s  assuming t h e  r e l a t i o n s h i p  
4 .  Measurement e r r o r s  were l e s s  t h a n  0 . 1 " ~  and 0 .01h on a  r e l a t i v e  
b a s i s .  
5 .  The t h e o r e t i c a l  model, based  on e lementa ry  t h i n  p l a t e  t h e o r y ,  
a g r e e s  w e l l  w i t h  e x p e r i m e n t a l  r e s u l t s .  
MIRROR MATERIAL CONSIDERATIONS 
Dimensional  S t a b i l i t y  
I n  o r d e r  f o r  a n  o p t i c a l  sys tem t o  r e c o r d  t h e  maximum i n f o r m a t i o n  about  a n  
o b j e c t  under o b s e r v a t i o n  t h e  o p t i c a l  sys tem must b e  " d i f f r a c t i o n  l imi ted" .  
I n  a  r e f l e c t i v e  sys tem,  d i f f r a c t i o n - l i m i t e d  performance r e q u i r e s  t h a t  e a c h  
element o f  t h e  s u r f a c e  b e  w i t h i n  approx imate ly  t0 .033h  (A = wavelength)  of  
t h e  d e s i r e d  g e o m e t r i c a l  s u r f a c e ,  i . e . ,  t h e  peak-to-peak d e v i a t i o n  s h o u l d  b e  
l e s s  t h a n  0.06h.  For  v i s i b l e  l i g h t  (A = 5000 angst rom u n i t s ) ,  t h i s  means 
t h e  s u r f a c e  c o n t o u r  must be  c o r r e c t  t o  i t s  g e o m e t r i c a l  form t o  w i t h i n  0 . 6  
mic ro inches  o r  40 atom l a y e r s .  
For t h e  l a r g e  a p e r t u r e  m i r r o r s  i t  i s  v e r y  d i f f i c u l t  t o  manufac tu re  and t e s t  
t h e  m i r r o r  s u r f a c e s  t o  t h e s e  s t r i n g e n t  s p e c i f i c a t i o n s .  Once manufactured 
i n t o  u s e f u l  e l ements ,  t h e  m a t e r i a l s  of c o n s t r u c t i o n  must be  d i m e n s i o n a l l y  
s t a b l e  t o  m a i n t a i n  t h e  s u r f a c e  shape o r  f i g u r e  under t h e  o p e r a t i n g  e n v i r o n -  
ment. A s  o p e r a t i n g  requ i rements  become more c r i t i c a l ,  whether due t o  s i z e  
o r  r e s o l u t i o n ,  t h e  i n £  luence  o f  d imens iona l  s t a b i l i t y  becomes a n  i n c r e a s i n g l y  
impor tan t  f a c t o r .  
There  a r e  two b a s i c  t y p e s  of  d imens iona l  i n s t a b i l i t i e s .  The f i r s t  i s  therm- 
a l l y  induced w h i l e  t h e  second i s  caused by t h e  spontaneous  r e l e a s e  of  s t o r e d  
energy.  
PERKIN-ELMER 
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The the rmal ly - induced  i n s t a b i l i t i e s  can be s u b d i v i d e d  i n t o  thermal  g r a d i e n t  
and i s o t h e r m a l  c a s e s .  The t h e r m a l  g r a d i e n t  c a s e  i s  c r e a t e d  by a  d i f i e r e n t i a l  
t h e r m a l  load ,  a s ,  f o r  example, t h a t  produced by s o l a r  h e a t i n g  of  a  m i r r o r .  
T h i s ,  i n  t u r n ,  h e a t s  t h e  r e s t  of t h e  o p t i c a l  sys tem by r a d i a t i o n  a n d / o r  con- 
d u c t i o n .  Genera l ly ,  t h e  the rmal  energy e v e n t u a l l y  f lows i n t o  t h e  m i r r o r  mount 
(which may be c o n s i d e r e d  a s  a  h e a t  s i n k ) .  The the rmal  g r a d i e n t  th rough  a  
m i r r o r  a s s o c i a t e d  w i t h  t h i s  h e a t  f low causes  t h e  m i r r o r  t o  deform. A l l e v i a -  
t i o n  of  de fo rmat ions  caused by t h e r m a l  g r a d i e n t s  can  b e  r e a l i z e d  by u s i n g  
m a t e r i a  1s w i t h  low t h e r m a l  e x p a n s i v i t y  a n d / o r  h i g h  thermal. c o n d u c t i v i t y .  
The i s o t h e r m a l  c a s e  r e f e r s  t o  s i t u a t i o n s  where no the rmal  g r a d i e n t  e x i s t s ,  
b u t  t h e  t e m p e r a t u r e  th roughout  t h e  sys tem h a s  changed homogeneously from t h e  
nominal  o p e r a t i n g  o r  f i g u r i n g  t e m p e r a t u r e .  Degradat ion i n  t h e  performance of 
a n  o p t i c a l  sys tem w i l l  occur  i f  t h e  t h e r m a l  expansion c o e f f i c i e n t  i s  no t  homo- 
geneous over  t h e  e n t i r e  volume o f  t h e  m i r r o r .  T h i s  i s o t h e r m a l  d e g r a d a t i o n  
h a s  been observed i n  some m a t e r i a l s  t o  t h e  e x t e n t  t h a t  t h e  performance o f  a  
m i r r o r  manufactured and t e s t e d  a t  room t e m p e r a t u r e  i s  d r a s t i c a l l y  reduced 
when o p e r a t e d  a t  an  e l e v a t e d  o r  reduced t empera tu re .  F i g u r e  302 p r e s e n t s  
i n t e r f e r o g r a m s  of s e v e r a l  b e r y l l i u m  samples w i t h  d i f f e r e n t  m a n u f a c t u r i n g  
h i s t o r i e s .  The samples  were e q u i l i b r a t e d  a t  t h e  i n d i c a t e d  t e m p e r a t u r e s  p r i o r  
t o  t a k i n g  t h e  i n t e r f e r o g r a m s .  Thermal de fo rmat ions  may b e  r e v e r s i b l e ,  i . e . ,  
t h e  m i r r o r  r e t u r n s  t o  i t s  o r i g i n a l  shape  when t h e  t h e r m a l  l o a d  i s  removed, 
o r  i r r e v e r s i b l e  depending on t h e  amount o f  de fo rmat ion .  
The second t y p e  of d imens iona l  i n s t a b i l i t y  i s  t h e  t empora l  r e l a x a t i o n  of 
s t o r e d  chemica 1 a n d / o r  mechanical  ene rgy .  S t o r e d  energy may b e  a s s o c i a t e d  
w i t h  improper t h e r m a l  p r o c e s s i n g  h i s t o r y ,  phase changes ,  o r  mechan ica l  work- 
i n g ,  e . g . ,  g r i n d i n g .  I n  g e n e r a l ,  t h e  r e l e a s e  of  s t o r e d  energy  w i l l  r e s u l t  
i n  a  shape  change which i s  l a r g e  w i t h  r e s p e c t  t o  t h e  o p t i c a l  t o l e r a n c e s  
d i s c u s s e d  e a r l i e r .  Temporal i n s t a b i l i t i e s  have degraded t h e  performance o f  
some o p t i c a l  sys tems beyond u s e f u l n e s s  i n  t ime  s p a n s  f a r  s h o r t e r  t h a n  t h e  
d e s i g n  l i f e t i m e  o f  t h o s e  sys tems .  
M a t e r i a l s  S e l e c t i o n  
The s p e c i f i c a t i o n s  f o r  many o p t i c a l  sys tems l i m i t  t h e  c h o i c e  o f  m i r r o r  m a t e r i a l s  
t o  t h o s e  which have ( a )  t h e  r e q u i s i t e  d imens iona l  s t a b i l i t y  i n  a  changing 
t h e r m a l  environment,  (b)  a r e  known t o  e x h i b i t  a  h i g h  d e g r e e  o f  t empora l  d i -  
mens iona l  s t a b i l i t y ,  ( c )  have p r e v i o u s l y  been f a b r i c a t e d  ( i n c l u d i n g  p o l i s h i n g )  
t o  t h e  d e s i r e d  t o l e r a n c e s ,  and (d )  a r e  commercial ly a v a i l a b l e  i n  r e q u i s i t e  
s i z e s .  The major  t e c h n i c a l  f a c t o r s  p e r t a i n i n g  t o  t h e  s e l e c t i o n  o f  m i r r o r  
m a t e r i a l s  a r e  o u t l i n e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
C r i t e r i a  f o r  M i r r o r  M a t e r i a l s  
I n  making a  comparison of  m i r r o r  m a t e r i a l s ,  i t  i s  no t  p o s s i b l e  t o  d e f i n e  a  
s i n g l e  f i g u r e  of  m e r i t  d e r i v e d  from t h e  m a t e r i a l  p r o p e r t i e s  t h a t  a l l o w s  an 
a b s o l u t e  c h o i c e  t o  b e  made from e x i s t i n g  m i r r o r  m a t e r i a l s .  The comparison made 
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h e r e  u s e s  f o u r  c r i t e r i a  f o r  m i r r o r  m a t e r i a l s  based upon imbalances  i n  t h e  
m i r r o r  s u p p o r t  s t r u c t u r e ,  r a d i a n t  d i s s i p a t i o n  o f  h e a t  from t h e  m i r r o r ,  con- 
d u c t i v e  d i s s i p a t i o n  from t h e  m i r r o r  and t h e  the rmal  d i f f u s i v i t y  of t h e  mate r i a l . .  
The c r i t e r i o n  f o r  de fo rmat ions  of a  m i r r o r  b l ~ a n k  due t o  i t s  s u p p o r t  s t r u c t u r e  i s  
t h e  term E / p .  where E i s  t h e  modulus of  e l a s t i c i t y  and p t h e  m i r r o r  d e n s i t y .  
T h i s  term i s  chosen from t h e  e q u a t i o n  f o r  t h e  de fo rmat ion  o f  a  s i m p l e  beam 
s u p p o r t e d  a t  b o t h  ends .  
The amount o f  t h e r m o e l a s t i c  d i s t o r t i o n  accompanying a  g iven  t e m p e r a t u r e  d i s -  
t r i b u t i o n  i s  a n  ex t remely  complex a n a l - y t i c a l  problem f o r  any bu t  t h e  s i m p l e s t  
p h y s i c a l  c o n f i g u r a t i o n s  and t e m p e r a t u r e  d i s t r i b u t i o n s .  However, i n  s i t u a t i o n s  
where r a d i a t i o n  r a t h e r  t h a n  conduc t ion  p l a y s  t h e  dominant r o l e  i n  d i s s i p a t i n g  
t h e  h e a t  from anomalous t e m p e r a t u r e  r e g i o n s ,  and where a  t ime-dependent  s i t u a -  
t i o n  e x i s t s  s o  t h a t  t h e  v o l u m e t r i c  h e a t  c a p a c i t y  of t h e  m a t e r i a l  i s  i m p o r t a n t ,  
then  l / c p i y  i s  a  s u i t a b l e  m i r r o r  m a t e r i a l  c r i t e r i o n .  For  a  dynamic s i t u a t i o n  
i n v o l v i n g  conduc t ion  a s  t h e  main h e a t  t r a n s p o r t  mechanism t h e n  K I c p a  a p p e a r s  
t o  be a  s u i t a b l e  c r i t e r i o n .  
The t h e r m a l  d i f f u s i v i t y  K / C ~  i s  ana logous  t o  t h e  r e c i p r o c a l  of t h e  t i m e  con-  
s t a n t  o f  a n  e l e c t r i c a l  c i r c u i t  and a  l a r g e  v a l u e  of t h e r m a l  d i f f u s i v i t y  i n -  
d i c a t e s  t h a t  t h e  m i r r o r  can  a d j u s t  t o  a  new t h e r m a l  environment i n  a  r e l a t i v e l y  
s h o r t  t ime .  
Mechanica 1 C o n s i d e r a t i o n s  
The weight  and de format ion  of a  m i r r o r  due t o  g r a v i t y  o r  i n e r t i a l  l o a d s  a r e  
impor tan t  c o n s i d e r a t i o n s  i n  t h e  d e s i g n  of  o p t i c a l  sys tems.  Tab le  3 7 g i v e s  
t h e  s t i f f n e s s - t o - w e i g h t  r a t i o  ( E / P ) ,  m i r r o r  t h i c k n e s s  and t h e  we igh t  of  a  
I-meter d iamete r  m i r r o r  ( 1  meter  was s e l e c t e d  a s  a  t y p i c a l  segment d imension)  
i n  t h e  form of a  r i g h t  c i r c u l a r  d i s k  which w i l l  n o t  d e f l e c t  more t h a n  0 .06h  
i n  a  onecG g r a v i t y  f i e l d  when mounted on t h r e e  equ i spaced  p o i n t  s u p p o r t s  35 dm 
from t h e  c e n t e r .  The minimum t h i c k n e s s  f o r  each m a t e r i a l  h a s  been computed 
c o n s i s t e n t  w i t h  t h e  assumed model. The we igh t s  g iven  i n  T a b l e  37 f o r  s o l i d  
m i r r o r s  a r e  c o n s e r v a t i v e ,  of  c o u r s e ,  because  weight r e d u c t i o n s  can b e  r e a l i z e d  
th rough  t h e  u s e  of  l i g h t w e i g h t  ( i . e . ,  hol low) s t r u c t u r e s .  However, w h i l e  
t h e  weight  of  a s p e c i f i c  m i r r o r  can  b e  reduced s i g n i f i c a n t l y  by i n g e n i o u s  
d e s i g n ,  t h e  r e l a t i v e  weight  f o r  d i f f e r e n t  m a t e r i a l s  w i l l  be  abou t  a s  shown 
i n  Tablt? 3 7 .  
On t h e  b a s i s  of s t i f f n e s s - t o - w e i g h t  r a t i o ,  b e r y l l i u m  i s  o u t s t a n d i n g ,  b e i n g  
a  f a c t o r  of  2 . 4  b e t t e r  t h a n  s i l i c o n  which i s  second b e s t  i n  t h i s  r e g a r d .  
Bery l l ium a l s o  h a s  a  y i e l d  s t r e n g t h  of  40,000 p s i  ( n o t  shown) which i s  con- 
s i d e r a b l y  h i g h e r  t h a n  t h e  24,000 p s i  y i e l d  s t r e n g t h  of s i l i c o n  o r  t h e  t e n s i l e  
s t r e n g t h  of fused  s i l i c a  which v a r i e s  between 7 ,000 and 10,000 p s i .  
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TABLE 3 7 .  WEIGHT AND THICKNESS OF SOLID MIRRORS 1 METER I N  DI&iETER 
WITH A SELF WEIGHT DEFLECTION OF 0.06 MADE OF SELECTED 
MATERIALS 
Thickness  
cm 
2 9 . 2  
I n  R e l a t i v e  t o  
Pounds B e r y l l i u m  M a t e r i a l  
Pyrex 
Fused S i l i c a  
ULE 
CerVi t 
Bery l l ium 
Aluminum 
S i l i c o n  
I n v a r  
Thermal C o n s i d e r a t i o n s  
Thermal g r a d i e n t s  i n  a  m i r r o r  can s e r i o u s l y  deform t h e  o p t i c a l  s u r f a c e .  To 
demons t ra te  t h i s  we s h a l l  a n a l y z e  t h e  mathemat ica l ly  s i m p l e  c a s e  of a  thermal. 
g r a d i e n t  through t h e  t h i c k n e s s  o f  a  f l a t  m i r r o r  whish c a u s e s  t h e  m i r r o r  t o  
become convex when viewed from t h e  h o t  s i d e .  By assuming t h e  undeformed s u r -  
f a c e  t o  b e  a  p e r f e c t  p lane  and t h e  deformed s u r f a c e  t o  b e  approx imate ly  a  
s p h e r i c a l  s e c t i o n ,  t h e  s a g i t t a  becomes a  d i r e c t  measure  of  t h e  deformat ion.  
M i r r o r s  of  one meter  d iamete r  r e q u i r e  t h e  t h i c k n e s s  t a b u l a t e d  i n  Tab le  38 t o  
meet t h e  d e f l e c t i o n  requ i rement .  The t h e r m a l  g r a d i e n t s  shown i n  ~ a b l e 3 8  w i l l  
be  developed i n  t h e s e  m i r r o r s  i f  t h e  m i r r o r  viewq t h e  sun  and a b s o r b s  5 p e r c e n t  
o f  t h e  i n c i d e n t  s o l a r  r a d i a t i o n  o f  0 .14 wat ts /cm . A t e m p e r a t u r e  g r a d i e n t  i n -  
duces  a  v a r y i n g  t h e r m a l  d i l a t i o n  a long  t h e  t h i c k n e s s  of  t h e  m i r r o r  r e s u l t i n g  i n  
t h e  s a g i t t a s  shown i n  T a b l e  39. 
PERKIN-ELMER 
Kepor t No. 9800 
TABLE 38,  TlERMAL GRADIENT AND DEFLECTION OF 1-METER DIAMETER 
MIRRORS EXPOSED TO NOlWAL INCIDENT HEAT FLOW OF 
7 x  10-3 WATTS / C M ~  
Thermal G r a d i e n t  S a g i  t t a  
M a t e r i a l  ("C/cm) (x  cm) 
- 2  
Pyrex 6 . 4  x 10 401.00 
Fused S i l i c a  5 .5  x 34.50 
- 2 ULE G l a s s  5 . 5  x 10 
- 2 CerVi t 5 .5  x  10 
- 4  Bery l l ium 4 . 5  x 10 
Aluminum 
I n v a r  
S i l i c o n  5 . 1  x l o m 4  1 .45  
I n  terms of  immunity t o  therma! d i s t o r t i o n ,  s i l i c o n  a p p e a r s  t o  be  o u t s t a n d i n g ,  
hav ing  a  s a g  v a l u e  t h a t  i s  a  f a c t o r  o f  10 Less t h a n  t h a t  of aluminum and b e r y l l i u m ,  
ana a  f a c t o r  0 3  30 b e t t e r  than  t h a t  of  f u s e d  s i l i c a .  The c o e f f i c i e n t  of  expans ion  
of t h e  t y p e  of I n v a r  used i n  t h e  comparison does  no t  compensate s u E f i c i e n t l y  
f o r  t h e  l o r  h e a t  c o n d u c t i v i t y  t o  p rov ide  any obv ious  advan tage .  
The 1- i fe t ime of  a  therma' t r a n s i e n t  i s  determined by t h e  the rmal  d i f f u s i v i t y ,  
D, of  t h e  m i r r o r  m a t e r i a l .  The magnitude of t h e  therma? d i s t o r t i o n  i s  p ropor -  
t i o n a l  t o  t h e  r a t i o  a / ~ .  From Tab le  38 i t  i s  a p p a r e n t  t h a t  s i l i c o n ,  CerVi t ,  
and ULE a r e  s u p e r i o r  t o  t h e  o t h e r  m a t e r i a l s  w i t h  r e g a r d  t o  de fo rmat ions  caused  
by the rmal  t r a n s i e n t s .  On t h e  o t h e r  hand, m e t a l s  a c h i e v e  the rmal  e q u i l i b r i u m  
i n  l e s s  c h a n  one-hundredth  of t h e  t i m e  r e q u i r e d  f o r  a  d i e l e c t r i c  m a t e r i a l .  
I n  s i t u a t i o n s  where r a d i a t i o n  i s  t h e  c h i e f  h e a t  t r a n s p o r t  mechanism a s  might be 
t h e  c a s e  f o r  v e r y  l a r g e  g l a s s  e g g c r a t e  s t r u c t u r e s ,  t h e  r e l a t i v e  v a l u e s  o f  J / ~ p o r  
i n J i c a t e  [used s i l i c a  t o  be more advan tageous  than  Pyrex by a  f a c t o r  o f  10. 
The use  o  i l/Cp~n a;; a  m i r r o r  c r i t e r i o n  does no t  appear  j u s t i i i e c l  i n  t h e  c a s e  
o i  o t h e r  m i r r o r  m a t e r i a l s .  
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The d a t a  i n  T a b l e  39 p r o v i d e s  a  r e a s o n a b l y  good comparison i f  t h e  o p e r a t i n g  
t e m p e r a t u r e  range  i s  c l o s e  t o  t h a t  o v e r  which t h e  c o e f f i c i e n t  o f  expans ion  was 
measured.  I n  spaceborne  sys tems,  t h e  o p e r a t i n g  t e m p e r a t u r e  of m i r r o r s  and 
a s s o c i a t e d  s t r u c t u r e s  i s  o f t e n  f a r  below t h e  nominal  t e m p e r a t u r e s  i m p l i e d  i n  
Tab le  39 and,  a s  a  r e s u l t ,  t h e  c o e f f i c i e n t  o f  expansion can d i f f e r  markedly .  
Both f u s e d  s i l i c a  and s i l i c o n  a r e  such  examples .  The c o e f f i c i e n t  of  expans ion  
d e c r e a s e s  w i t h  t e m p e r a t u r e  and,  i n  bo th  c a s e s ,  c r o s s e s  z e r o  and becomes nega- 
t i v e .  F i g u r e  303 shows t h e  v a r i a t i o n  o f  c o e f f i c i e n t  w i t h  t e m p e r a t u r e  f o r  a  
t y p i c a l .  sample of f u s e d  s i l i c a  (Englehard  I n d u s t r i e s ,  I n c . ,  H i l l s i d e ,  New 
J e r s e y )  and f o r  a  s i n g l e  c r y s t a l  o f  s i l i c o n .  A number o f  d e v i t r i f i e d  gl -ass  
m a t e r i a l s  such a s  U l t r a  Low Expansion g l a s s  (ULE) and CerVit  have r e c e n t l y  
become a v a i l a b l e .  These m a t e r i a l s  can b e  t a i l o r e d  t o  hug t h e  z e r o  c o e f f i c i e n t  
of  expans ion  l i n e  over  a n  extended t e m p e r a t u r e  range and do n o t  e x h i b i t  t h e  
s e v e r e  s c a t t e r i n g  of e a r l i e r  m a t e r i a l s .  A curve  f o r  one t y p e  o f  CerVit  
i s  a l s o  shown i n  F i g u r e  303. 
I n  c o n c l u s i o n ,  i t  i s  worth  n o t i n g  t h a t ,  i f  a  nominal  o p e r a t i n g  t e m p e r a t u r e  
range  i s  c e n t e r e d  s o  a s  t o  co r respond  t o  t h e  z e r o  c r o s s i n g  f o r  t h e  expans ion  
c o e f f i c i e n t  o f  f u s e d  s i l i c a  o r  t h e  z e r o  c r o s s i n g  f o r  one of  t h e  newer g l a s s  
m a t e r i a l s  w i t h  a  low c o e f f i c i e n t ,  t h e n  t h e  expans ion  c o e f f i c i e n t  a t  e a c h  end 
o f  t h e  o p e r a t i n g  t e m p e r a t u r e  range i s  l i k e l y  t o  be  reduced t o  abou t  1 .0  x  10-71 
"c. Even t h i s  low v a l u e  does n o t  p r o v i d e  a d e q u a t e  compensation f o r  t h e  v e r y  
low t h e r m a l  c o n d u c t i v i t y  o f  g l a s s  when compared w i t h  s i l i c o n .  A t  ambient  
t e m p e r a t u r e s ,  s i l i c o n  o f f e r s  more immunity t o  t h e r m o e l a s t i c  deformat ion-by a  
f a c t o r  of 5 - t h a n  a  g l a s s  hav ing  an expans ion  c o e f f i c i e n t  of 1 . 0  x  1.0 '7/"~.  
A t  lower t e m p e r a t u r e s ,  t h e  advan tages  o f  s i l i c o n  become even more pronounced.  
TABLE 39.THERMAL PROPERTIES OF SELECTED MATERIALS 
M a t e r i a l  Therma 1 Therma I. 
D i f f u s i v i t y  Expans i o n  D/o: x  
D, cm2/ s e c .  a ,x l0+6 /  " C  "C c d / s e c .  
Pyrex 0 .0045 3 .2  1 .44 
Fused 0.0080 
S i l i c a  
ULE Glass  0.0080 0 .05  155.00 
CerVit  0.0080 0 .10  74.08 
Bery l l ium 0.4650 
Aluminum 0.9200 
Pnvar 0.0320 1 . 3  26.30 
S i l i c o n  1.000 2 . 3  427.00 
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S i l i c o n  ( 8 )  
( ~ i b b o n s ,  D.F. : Thermal 
Expansion of Some Crys ta l s  
With t h e  Diamond S t ruc tu reT  
Phys i ca l  Review. Vol. 112, /-i n c o  I 36. ) 
o w -  
Temperature O C  
Figure 303 .Coef f i c i en t  of Expansion - Varia t ion  with Temperature 
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RY OF OPTICAL MATERIALS 
The p o t e n t i a l  o p t i c a l  m a t e r i a l s  mentioned i n  t h e  p r e c e d i n g  s e c t i o n  may b e  
d i v i d e d  i n t o  two broad c l a s s e s  -- m e t a l s  and d i e l e c t r i c s .  A summary o f  
t h e  p h y s i c a l  p r o p e r t i e s  of p o t e n t i a l  m i r r o r  m a t e r i a l s  i s  i n c l u d e d  i n  T a b l e  40. 
Meta l s  
The f a v o r a b l e  p r o p e r t i e s  of  b e r y l l i u m  d e s c r i b e d  p r e v i o u s l y  were r e c o g n i z e d  and 
s e v e r a l  m i r r o r s  of  commercial vacuum h o t - p r e s s e d  b e r y l l i u m  have been manufac tu red .  
I n i t i a l l y ,  v e r y  e r r a t i c  r e s u l t s  i n  performance were r e p o r t e d  and i n  some c a s e s  
t h e  o p t i c a l  s u r f a c e s  o f  m i r r o r s  were observed t o  d i s t o r t  o u t  of s p e c i f i c a t i o n  
o v e r n i g h t  i n  t h e  o p t i c a l  p o l i s h i n g  shop.  
P r e s e n t l y ,  b e r y l l i u m  can b e  p o l i s h e d  by c o n v e n t i o n a l  o p t i c a l  t e c h n i q u e s  a l t h o u g h  
t h e  t ime  and l a b o r  e f f o r t s  r e q u i r e d  t o  a c h i e v e  a  g i v e n  s u r f a c e  s p e c i f i c a t i o n  i s  
c o n s i d e r a b l y  g r e a t e r  t h a n  f o r  f u s e d  s i l i c a .  F i g u r e  304compares  t h e  r e f l e c t i v i t y  
of  b a r e  b e r y l l i u m ,  aluminum-coated b e r y l l i u m  and aluminum-coated g l a s s  o v e r  t h e  
s p e c t r a l  r ange  0.35 t o  40 micrometers .  Two p o i n t s  a r e  s i g n i f i c a n t .  F i r s t ,  
aluminum-coated b e r y l l i u m  h a s  a lmos t  t h e  same r e f l e c t i v i t y  i n  t h e  v i s i b l e  p o r t i o n  
o f  t h e  spec t rum a s  aluminum on g l a s s .  The few p e r c e n t  d e c r e a s e  i s  due p r i m a r i l y  
t o  t h e  r e s i d u a l  p o r o s i t y  i n  t h e  be ry l l ium.  Second, i n  t h e  f a r  i n f r a r e d  p o r t i o n  
o f  t h e  spect rum,  uncoa ted  b e r y l l i u m  h a s  t h e  same r e f l e c t i v i t y  a s  aluminum s o  no 
c o a t i n g s  w i l l  b e  n e c e s s a r y  f o r  i n f r a r e d  a p p l i c a t i o n s .  
I s o t h e r m a l  s u r f a c e  d e f o r m a t i o n s  of numerous b e r y l l i u m  samples  have been measured 
over  t h e  r a n g e  O 0  t o  80°c. A d d i t i o n a l  r e s e a r c h  i s  r e q u i r e d  t o  a s c e r t a i n  t h e  
behav io r  of  b e r y l l i u m  i n  t h e  O O C  t o  -80°c r e g i o n .  
D i e l e c t r i c  M a t e r i a l s  
S e v e r a l  y e a r s  ago t h e  a c c e p t e d  m a t e r i a l  f o r  h i g h  performance o p t i c a l  m i r r o r s  
was f u s e d  s i l i c a .  Two methods were a v a i l a b l e  commercia l ly  a t  t h a t  t i m e  f o r  
manufac tu r ing  l i g h t w e i g h t  s t r u c t u r e s  -- d i r e c t  f u s i o n  and " s o l d e r i n g "  em- 
p l o y i n g  a g l a s s  w i t h  a low m e l t i n g  t e m p e r a t u r e .  New d i e l e c t r i c  m a t e r i a l s  
w i t h  a t h e r m a l  expans ion  c o e f f i c i e n t  abou t  a n  o r d e r  of  magnitude s m a l l e r  t h a n  
f u s e d  s i l i c a  a r e  under  development by a t  l e a s t  two manufac tu re r s .  The d i -  
mensional  s t a b i l i t y  of f u s e d  s i l i c a  i s  o f t e n  used  a s  a s t a n d a r d  f o r  compar ison 
w i t h  t h e s e  new m a t e r i a l s .  
Measurements i n d i c a t e  t h a t  f u s e d  s i l i c a ,  ULE, and CerVit  a r e  t e m p o r a l l y  s t a b l e  
t o  b e t t e r  t h a n  0.003h f o r  p e r i o d s  of weeks. The d imens iona l  s t a b i l i t y  o f  f u s e d  
s i l i c a  d u r i n g  t h e r m a l  c y c l i n g  a l s o  a p p e a r s  t o  b e  below t h e  l i m i t  o f  i n s t r u -  
ment s e n s i t i v i t y .  ULE and CerVit ,  however, show s i g n i f i c a n t  i n s t a b i l i t i e s  a s  
t h e  t e m p e r a t u r e  i s  i n c r e a s e d  from 20°c t o  9 0 ' ~ .  I n  t h e  c a s e  of ULE t h e  i n -  
s t a b i l i t y  a p p e a r s  t o  b e  d i r e c t l y  a t t r i b u t a b l e  t o  chemica l  inhomogene i t i e s ,  
A t  t h e  p r e s e n t  t ime,  i t  i s  n o t  c l e a r  whether t h e  i n s t a b i l i t y  observed i n  
CerVit  i s  due t o  b u l k  inhomogene i t i e s  o r  i n a p p r o p r i a t e  s u r I a c e  p r e p a r a t i o n .  
It may be presumed, however, t h a t  t e c h n o l o g i c a l  e v o l u t i o n  w i l l  produce improved 
d imens iona l  homogeneity i n  b o t h  c l a s s e s  of m a t e r i a l s .  
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Ref l e e t a n c e  ID 
I I a 
10 0 - 1  1.0 100 * 
2 
Wavelength, I n  Microns (Logar i thmic  Sca le )  0 e 
'a 
F i g u r e  304 ,  R e f l e c t i v i t y  o f  P o l i s h e d  Beryll ium, Aluminized Bery l l ium and Aluminized Fused CX, o
S i l i c a .  The d e c r e a s e  i n  r e f l e c t i v i t y  of  a lumin ized  b e r y l l i u m  i n  t h e  v i s i b l e  0 
i s  due t o  s c a t t e r ,  n o t  a b s o r p t i o n ,  
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Pure  s i  l i c o n  h a s  ~ 1 1 e  h i g h  the rma l  t l i  f f u s i  v i t y  of  a meta 1, a s  w e l l  as t h e  low 
c o c f f i c i e n t  o i  e x p a n s i o n  o f  t h e  g l a s s ,  F u r t h e r ,  t h e  m a t e r i a l  h a s  a f u n d a m e n t a l  
s t a b i l i t v  t h e o r e t i c a l l y  e q u i v a l e n t  t o  t h a t  o f  t h e  q u a r t z  m a t e r i a l s  s o  t h a t  a  
m i r r o r ,  once  f a b r i c . a t e d ,  w i l l  n o t  c r e e p  o r  warp i n t o  a  d i s t o r t e d  s h a p e  a f t e r  
d iew y e a r s .  
I n  t h e  p e r i o d i c  t a b l e ,  t h e r e  a r e  two m a t e r i a l s ,  diamond and s i l i c o n ,  t h a t  a r e  
most  l i k e l y  t o  combine t h e  d e s i r a b l e  t h e r m a l  c h a r a c t e r i s t i c s  o f  a  m e t a l  w i t h  
t h e  d i m e n s i o n a l  s t a b i l i t y  o f  f u s e d  s i l i c a .  Diamond h a s  o b v i o u s  economic 
drawbaclis ; b u t  s i l i c o n  h a s  a l r e a d y  found  c o n s i d e r a b l e  a p p l i c a t i o n  as a n  o p t i c a  1 
m a t e r i a l  i n  t h e  i n f r a r e d  r e g i o n .  Compared t o  f u s e d  s i l i c a ,  s i l i c o n  h a s  
n e a r l y  t w i c e  t h e  e l a s t i c i t y - t o - w e i g h t  r a t i o ,  t h r e e  times t h e  y i e l d  s t r e n g t h ,  
and t h i r t y  t i m e s  t h e  immunity t o  t h e r m a l  d i s t o r t i o n .  Even when compared t o  
b e r y l l i u m  it a p p e a r s  t o  have  a d v a n t a g e o u s  t h e r m a l  p r o p e r t i e s ,  b e i n g  more immune 
t o  t h e r m a l  d i s t o r t i o n  by a  f a c t o r  o f  e l e v e n .  High d e g r e e  o f  i s o t r o p y  and 
~iiniens i o n a l  s t a b i l i t y  a r e  i n d i c a t e d  by t h e  c u b i c  c r y s t a l  l a t t i c e  o f  s i l i c o n  
and a  s u b s t a n t i a l  amount o r  e x p e r i m e n t a l  d a t a  t h a t  i n d i c a t e s  t h a t  t h e  d i s -  
l o c a t i o n s  i n  s i l i c o n  r ema in  immobile even  u n d e r  t h e  i n f l u e n c e  o f  E a i r l y  h i g h  
s t r e s s e s  a t  t e m p e r a t u r e s  below 500°C. 
The f a b r i c a t i o n  o f  l a r g e  s i l i c o n  s t r u c t u r e s  i s  c o m p l i c a t e d  by  t h e  v e r y  h i g h  
E r c e z i n g  p o i n t  ( l L 1 2 0 " ~ )  and  t h e  e x t r e m e  r e a c t i v i t y  o f  m o l t e n  s i l i c o n .  
E l e c t r i c a l l y  a c t i v e  i m p u r i t i e s  such  as bo ron ,  phosphorus ,  and aluminum h a v e  
a marked i n £  l u e n c e  on t h e  o p t i c a l  p r o p e r t i e s  o f  s i l i c o n .  O p t i c a l  q u a l i t y  
m a t e r i a l  g e n e r a l l y  c a l l s  f o r  c o n c e n t r a t i o n s  o f  t h e s e  i m p u r i t i e s  o r  l e s s  t h a n  
100 p ' r : s  p e r  b i l l i o n  and sometimes l e s s  t h a n  20 p a r t s  p e r  b i l l i o n .  S i n c e  even  
a sm-.;l b i t  of  i m p u r i t y  can c o n t a m i n a t e  a  m e l t ,  ex t r eme  p r e c a u t i o n s  i n  t h e  
h a n d l i n g  o f  a s i l i c o n  c h a r g e  a r e  r e q u i r e d .  These  i n c l u d e  e t c h i n g  o f  t h e  
c r u c i b l e s  w i t h  h i g h  p u r i t y  r e a g e n t s  f o l l o w e d  by r i n s i n g  w i t h  t r i p l y  d i s t i l l e d  
w a t e r  and t h e  s t r i c t  a v o i d a n c e  o f  any  c o n t a c t  w i t h  human hands .  To a v o i d  
oxygen c o n t a m i n a t i o n ,  s i l i c o n  i s  u s u a l l y  m e l t e d  i n  a  vacuum o r  i n e r t  a t m o s p h e r e  
Fused s i l i c a  a p p e a r s  t o  b e  t h e  o n l y  u s e f u l  c r u c i b l e  m a t e r i a l  b u t  even  f u s e d  
s i l i c a  i s  d i s s o l v e d  by m o l t e n  s i l i c o n  r e s u l t i n g  i n  a n  i n c r e a s e d  oxygen c o n t e n t ,  
as w e l l  a s  i m p u r i t i e s  s u c h  a s  boron,  which  are  c o n t a i n e d  i n  t h e  f u s e d  s i l i c a  
c r u c i b l e .  The oxygen can  b e  d e t e c t e d  by a n  a b s o r p t i o n  band a t  9 m i c r o n s .  
It  a p p a r e n t l y  a f f e c t s  t h e  d e g r e e  o f  c r y s t a l  p e r f e c t i o n  and t h e  amount o f  s t r a i n  
i n  t h e  f i n a l  s t r u c t u r e ,  a l t h o u g h  t h i s  i s  a l s o  dependen t  on t h e  a n n e a l i n g  
p r o c e s s .  
S i n c e  s i l i c o n  expands  a b o u t  10 p e r c e n t  on  f r e e z i n g ,  i t  c a n n o t  b e  c a s t  i n  a  
c o n v e n t i o n a l  manner.  V a r i o u s  t e c h n i q u e s  h a v e  been  deve loped  t h a t  a l l o w  t h e  
s o l i d i f i c a t i o n  zone  t o  b e  moved from one  s i d e  t o  t h e  o t h e r  o r  from t o p  t o  b o t t o m  
on  a  s i l i c o n  c a s t i n g .  The s t e p  from t h e  p r e s e n t l y  f a b r i c a t e d  12 - inch  d i a m e t e r  
m i r r o r  t o  40 - inch  d i a m e t e r  o p t i c s  r e q u i r e s  f u r t h e r  development  o f  t h e s e  
t e c h n i q u e s  o r  a l t e r n a t i v e l y ,  f u s i n g  12 - inch  c a s t i n g s  t o g e t h e r  i n  a  manner 
s i m i l a r  t o  t h a t  u s e d  f o r  making l a r g e  e g g c r a t e  m i r r o r s  o f  f u s e d  s i l i c a .  
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A two-phase p r o j e c t  h a s  been i n i t i a t e d  t o  deve lop  t h i s  m a t e r i a l  f o r  f u t u r e  
s p a c e  t e l e s c o p e  p r o j e c t s .  Phase  I of  t h e  p r o j e c t  i n v e s t i g a t e s  t h e  m i r r o r  
m a t e r i a l  c h a r a c t e r i s t i c s  i n c l u d i n g  t h e  p o l i s h i n g  t e c h n i q u e s  f o r  a  12- inch  
m i r r o r  p r i o r  t o  t h e  s t a r t  of t h e  Phase  I1 e f f o r t s  which would work towards  
a  40-inch s i l i c o n  m i r r o r .  
The fundamental  work r e q u i r e d  b e f o r e  l o g i c a l  i n i t i a t i o n  of  t h e  S i l i c o n  M i r r o r  
P r o j e c t  h a s  been completed a t  Perkin-Elmer.  A 12- inch s i l i c o n  m i r r o r  was 
s u c c e s s f u l l y  p o l i s h e d ,  and t h e  s t a b i l i t y ,  r e s i s t a n c e  t o  t h e r m a l  de fo rmat ion ,  
and p o l i s h i n g  t e c h n i q u e s  e s t a b l i s h e d  t h a t  t h e r e  i s  t h e  h i g h e s t  c o n f i d e n c e  
t h a t  t h e  25- inch and 40-inch s i l i c o n  m i r r o r s  w i l l  prove s u c c e s s f u l .  
The f o r e g o i n g  s e c t i o n s  show t h a t  a n  a n a l y t i c a l ,  e x p e r i m e n t a l ,  manufac tu r ing  
and t e s t i n g  c a p a b i l i t y  h a s  been deve loped  i n  t h e  t h e r m a l  a r e a .  We b e l i e v e  t h a t  
p r e s e n t  t h e r m a l  t echno logy  h a s  t h e  a b i l i t y  t o :  
P r o v i d e  s u f f i c i e n t  d e s i g n  d a t a  t o  d e s i g n ,  b u i l d  and t e s t  l a r g e  
t e l e s c o p e  o p t i c a l  components. 
e A n a l y t i c a l l y  p r e d i c t  and e x p e r i m e n t a l l y  v e r i f y  t h e  e f f e c t  of  
t h e r m a l  g r a d i e n t s  and e x c u r s i o n s  on o p t i c a l  components. 
Design a  t h e r m a l  sys tem f o r  a  t e l e s c o p e  t h a t  w i l l  m a i n t a i n  o p t i c a l  
t o l e r a n c e s  w e l l  w i t h i n  s t r i n g e n t  l i m i t s ,  
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CKAPTER 16 . MEAT PIPE FEASIBILITY FOR THE LTEP" 
INTRODUCTION 
The h e a t  p i p e  i s  a  d e v i c e  t h a t  e x h i b i t s  a n  e f f e c t i v e  the rmal  c o n d u c t i v i t y  
many t imes  g r e a t e r  t h a n  t h e  b e s t  known m e t a l  conduc to r s .  I n  i t s  s i m p l e s t  
form (shown below),  t h e  h e a t  p i p e  c o n s i s t s  of a  p ipe ,  a  wick, and a  working 
f l u i d .  
F i g u r e  305. B a s i c  Heat P i p e  
The a p p l i c a t i o n  of  h e a t  a t  one end ( t h e  e v a p o r a t o r  s e c t i o n )  o f  t h e  p i p e  v a p o r i z e s  
t h e  working f l u i d .  T h i s  c r e a t e s  a s m a l l  p r e s s u r e  d i f f e r e n c e  i n  t h e  work s p a c e  
and f o r c e s  t h e  vapor  t o  f low toward t h e  c o o l e r  end of  t h e  p i p e  ( t h e  condenser  
s e c t i o n ) .  Upon r e a c h i n g  t h e  c o o l e r  s e c t i o n  o f  t h e  work space ,  t h e  vapor  condenses ,  
g i v i n g  up i t s  l a t e n t  h e a t .  The l i q u i d  i s  t h e n  r e t u r n e d  t o  t h e  e v a p o r a t o r  s e c t i o n  
by t h e  c a p i l l a r y  f o r c e s  i n  t h e  wick. 
The h e a t  p i p e  h a s  undergone c o n s i d e r a b l e  s t u d y  and development s i n c e  i t s  
r e d i s c o v e r y  i n  19640 However, t h e  emphasis h a s  been on h igh  t e m p e r a t u r e  
a p p l i c a t i o n s  w i t h  low t e m p e r a t u r e  a p p l i c a t i o n s  p r a c t i c a l l y  ignored .  Con- 
s e q u e n t l y ,  a  c o n s i d e r a b l e  amount of t ime  was expended d u r i n g  t h i s  s t u d y  i n  de- 
f i n i n g  c a n d i d a t e  h e a t  p i p e  c o n f i g u r a t i o n s ,  working f l u i d s ,  and wiclcing 
m a t e r i a l s  t h a t  could  be  adap ted  t o  low t e m p e r a t u r e  o p e r a t i o n .  I n  t h e  t h e r m a l  
c o n t r o l  o f  t h e  two-meter t e l e s c o p e ,  i t  i s  r e q u i r e d  t h a t  t h e  o p t i c a l  sys tem be 
.'- 
Ehrhard t ,  L.L., Jr. and Ha.r t ley ,  L.L.:  Large  Te lescope  Experiment Program, 
Final. Repor t .  Submit ted  t o  t h e  Perkin-Elmer Corpora t ion  i n  f u l f i l m e n t  of sub- 
c o n t r a c t  62503-PN. Chrys le r  Corpora t ion  Space D i v i s i o n ,  L o u i s i a n a ,  
October 2 8 ,  1969. 
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m a i n t a i n e d  a t  a un i fo rm t e m p e r a t u r e  i n  t h e  neighborhooti  o f  - 1 1 2 " ~  ( - 8 0 " ~ ) .  
D i s c u s s i o n s  and a n a l y s e s  c o n t a i n e d  i n  s u b s e q u e n t  s e c t i o n s  a r e  d i r e c t e d  toward  
t h e  low t e m p e r a t u r e  a p p l i c a t i o n  o f  t h e  h e a t  p i p e  t o  t h e  the rma l  c o n t r o l  
o f  a  two-meter  o r b i t a l  t e l e s c o p e .  
TECHNICAL STUDIES 
The t h e r m a l  c o n t r o l  o f  a n  o r b i t i n g  t e l e s c o p e  r e q u i r e s  t h e  ma in tenance  o f  
t e m p e r a t u r e  g r a d i e n t s  and t e m p e r a t u r e  u n i f o r m i t y  w i t h  much g r e a t e r  p r e -  
c i s i o n  t h a n  h a s  p r e v i o u s l y  been  r e q u i r e d  f o r  s a t e l l i t e  and s p a c e c r a f t .  
Fo r  example,  t h e  t e m p e r a t u r e  o f  a  s a t e l l i t e  o r  s p a c e c r a f t  must b e  main- 
t a i n e d  w i t h i n  a  few d e g r e e s  F a h r e n h e i t ,  w h i l e  a  t e l e s c o p e  such  as t h e  one  
c o n s i d e r e d  i n  t h i s  s t u d y  r e q u i r e s  c o n t r o l  t o  f r a c t i o n s  o f  a  d e g r e e .  Thermal 
c o n t r o l  must  be  m a i n t a i n e d  w h i l e  t h e  t e l e s c o p e  i s  s u b j e c t e d  t o  v a r y i n g  h e a t  
l o a d s  r e s u l t i n g  from t h e  p a r t i c u l a r  o r b i t ,  t e l e s c o p e  o r i e n t a t i o n ,  and d u t y  
c y c l e .  
The most common a p p r o a c h e s  t o  t h e  t h e r m a l  c o n t r o l  o f  a n  o r b i t i n g  t e l e s c o p e  
h a v e  i n v o l v e d  t h e  u s e  o f  s u p e r - i n s u l a t i o n  and s e l e c t e d  t h e r m a l  c o n t r o  1 
c o a t i n g s .  S u p e r - i n s u l a t i o n  i s  u s e d  t o  i s o l a t e  t h e  t e l e s c o p e  i n t e r i o r  
from t h e  asymmetr ic  env i ronmen t  r e s u l t i n g  from s o l a r  and  e a r t h  e m i t t e d  
and  r e f l e c t e d  r a d i a t i o n ,  and  t h e r m a l  c o n t r o l  c o a t i n g s  a r e  u s e d  t o  r e d u c e  
t h e  h e a t  f l u x  i n t o  t h e  sys t em.  A s  a n  example, a c y l i n d e r  w i t h  i t s  l o n g i t u d i n a l  
a x i s  normal  t o  t h e  s o l a r  v e c t o r  can h a v e  c i r c u m f e r e n t i a l  g r a d i e n t s  i n  e x c e s s  
.L 
of  20O0l?." T h i s ,  o f  c o u r s e ,  c a n  produce  c o r r e s p o n d i n g l y  h i g h  g r a d i e n t s  on 
t h e  i n t e r i o r  o f  a t e l e s c o p e .  The u s e  of  114 i n .  t o  112 i n .  o f  s u p e r -  
i n s u l a t i o n  i n  c o n j u n c t i o n  w i t h  a  t h e r m a l  c o n t r o l  c o a t i n g  w i t h  a low a/€ (a- 
s o l a r  a b s o r p t i v i t y ,  E - i n f r a r e d  e m i s s i v i t y )  i n  t h e  o r d e r  o f  0.2 can r e d u c e  t h e  
c i r c u m f e r e n t i a l  g r a d i e n t  i n  t h e  t e l e s c o p e  t o  a v a l u e  i n  t h e  r a n g e  of  10 t o  
2 0 ' ~ .  T h i s  p a s s i v e  c o n t r o l  app roach ,  however, must t a k e  i n t o  a c c o u n t  t h e  
f o l l o w i n g  c o n s i d e r a t i o n s  : 
1) The t h i c k n e s s  o f  s u p e r - i n s u l a t i o n  r e q u i r e d  t o  r e d u c e  t h e  t e l e s c o p e  
and m i r r o r  g r a d i e n t s  t o  a c c e p t a b l e  l e v e l s  w i l l  r e s u l t  i n  non- 
c o n t r o l l e d  low t e m p e r a t u r e s  on t h e  i n t e r i o r  o f  t h e  t e l e s c o p e  and t h e  
o p t i c s ,  T h e s e  t e m p e r a t u r e s  can  v a r y  f rom t h e  r a n g e  of -200 t o  
,, ,, 
t h e  r a n g e  o f  - 1 0 0 ' ~  t o  -150°F', depend ing  upon t e l e s c o p e  o r i e n t a t i o n .  
2 )  D e g r a d a t i o n  o f  t h e  t h e r m a l  c o n t r o l  c o a t i n g ,  which i s  l i k e l y  f o r  t h e  
long  l i f e t i m e  p lanned,  w i l l  r e s u l t  i n  e v e n t u a l  i n c r e a s e d  t e m p e r a t u r e  
g r a d i e n t s .  
9: 
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3 )  The t h e r m a l  i n e r t i a  o f  t h e  i n s u l a t i o n  w i l l  a l s o  r e s u l t  i n  longer  
s t a b i l i z a t i o n  t imes  d u r i n g  t r a n s i t i o n  from power o f f  t o  power 
on modes, o r  changes i n  o r i e n t a t i o n .  
Tiiese c o n s i d e r a t i o n s ,  w h i l e  n o t  d e s i g n e d  t o  n e g a t e  t h e  c o n s i d e r a t i o n  of such  
p a s s i v e  c o n t r o l s y s t e m s ,  do s e r v e  t o  emphasize t h e  d i f f i c u l t i e s  encoun te red  
when p r e c i s e  t e m p e r a t u r e  c o n t r o l  i s  a t t e m p t e d  by p a s s i v e  means. 
O p e r a t i n g  Environment 
The n e a r - e a r t h  o r b i t  of  t h e  t e l e s c o p e  w i l l  r e s u l t  i n  i t s  exposure  t o  d i r e c t  
s o l a r  r a d i a t i o n ,  and t o  e a r t h - e m i t t e d  and r e f l e c t e d  r a d i a t i o n .  A d d i t i o n a l l y ,  
t h e  t e l e s c o p e  w i l l  a t  t i m e s  be  i n  t h e  shadow o f  t h e  e a r t h  where i t  w i l l  b e  
s u b j e c t e d  t o  on ly  t h e  e a r t h - e m i t t e d  r a d i a t i o n .  S i n c e  t h e  h e a t  p i p e  i s  a  
c l o s e d  sys tem w i t h  no e x t e r n a l  energy i n p u t ,  and  no expendables ,  t h e  d e s i g n  
need n o t  be  concerned w i t h  p e r i o d i c  v a r i a t i o n s  i n  t h e  i n c i d e n t  r a d i a t i o n .  
I n s t e a d ,  t h e  d e s i g n  w i l l  b e  d i c t a t e d  by t h e  ex t remes  i n  t h e  r a d i a t i o n  e n v i r o n -  
ment exper ienced  d u r i n g  t h e  l i f e t i m e  o f  t h e  m i s s i o n .  The h e a t  p ipe  must b e  
des igned t o  accommodate t h e  maximum h e a t  load i t  w i l l  e x p e r i e n c e ,  and t h e  
f l u i d  must be s e l e c t e d  t o  avo id  f r e e z i n g  on t h e  c o l d  s i d e  o f  t h e  t e l e s c o p e .  
I n  t h e  h e a t  p i p e  d e s i g n  p r e s e n t e d  l a t e r ,  t h i s  r a t i o n a l e  was used  t o  s e l e c t  t h e  
h e a t  p i p e  c o n f i g u r a t i o n ,  working f l u i d ,  and wick ing  m a t e r i a l .  
I n  o r d e r  t o  s e l e c t  a maximum h e a t  load f o r  t h e  h e a t  p i p e  des ign ,  i t  was 
assumed t h a t  t h e  s u r f a c e  i n  c o n t a c t  w i t h  t h e  h e a t  p i p e  would be h e l d  a t  
- 1 1 2 ' ~ .  I n  a d d i t i o n ,  t h e  wors t  c a s e  was s e l e c t e d  a s  t h e  c a s e  where t h e  
l o n g i t u d i n a l  a x i s  o f  t h e  t e l e s c o p e  i s  normal t o  t h e  s o l a r  v e c t o r .  Equa t ion  
( 1 )  was t h e n  s o l v e d  t o  de te rmine  t h e  maximum n e t  h e a t  absorbed  by t h e  s u r f a c e .  
S ince  t h e  s u r f a c e  t e m p e r a t u r e  i s  assumed c o n s t a n t  a t  - 1 1 2 ° ~ ,  t h i s  absorbed  
h e a t  load must be  removed by t h e  h e a t  p ipe .  
where oS  = s o l a r  a b s o r p t i v i t y  
Fs = form f a c t o r  f o r  d i r e c t  s o l a r  r a d i a t i o n  
e = e m i s s i v i t y  of t e l e s c o p e  s u r f a c e  
-8 
0 = Stefan-Boltzmann c o n s t a n t ,  0.1713 x  10 B t u / h r - i t 2 - O R  4 
T = t e m p e r a t u r e  of  s u r f a c e ,  OR 
= h e a t  load t o  be  removed by h e a t  p ipe ,  B t u / h r - f t  2  Qabs.  
S o l u t i o n  o f  Equa t ion  (1)  f o r  a  s o l a r  a b s o r p t i v i t y ,  Q , of 0.18, and a n  e m i s s i -  
2 v i t y ,  E, of  0 .9 ,  r e s u l t s  i n  a maximum h e a t  load  of  57.2 B t u / h r - f t  S i n c e  
 varies from t h i s  maximum v a l u e  a t  t h e  p o i n t  where t h e  c o s i n e  o f  t h e  a n g l e  
between t h e  s u r f a c e  normal and t h e  s o l a r  v e c t o r  e q u a l s  I, t o  0  B t u / h r - f t 2 ,  
where t h e  c o s i n e  e q u a l s  0 ( 9 0 ° ) ,  t h e  i n t e g r a t e d  v a l u e  of  Qabs ,wi l l  b e  a p p r o x i -  
mate ly  36 .5  B t u / h r - f t 2 .  T h i s  v a l u e  was used i n  subsequen t  a n a l y s e s .  
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Te lescope  Requirements 
Two b a s i c  r equ i rements  e x i s t  f o r  t h e  t e l e s c o p e .  The f i r s t  and foremost  is  
t h a t  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  o p t i c s  be a s  s m a l l  a s  p o s s i b l e .  Otherwise  
t h e r m a l  de fo rmat ions  could  be d e t r i m e n t a l  t o  t h e  t e l e s c o p e ' s  performance.  
S i n c e  t h e r m a l  de fo rmat ion  i s  dependent on both  t e m p e r a t u r e  and t e m p e r a t u r e  
g r a d i e n t ,  i t  i s  n e c e s s a r y  t o  r e l a t e  t h e  t e m p e r a t u r e  g r a d i e n t  t o  t h e  a v e r a g e  
t empera tu re .  For t h e  f u s e d  q u a r t z  m i r r o r  cons ide red  i n  t h i s  s t u d y ,  i t  was 
d e s i r e d  t h a t  a n  a v e r a g e  m i r r o r  t e m p e r a t u r e  of - 1 1 2 ° ~ ( - 8 0 0 ~ )  be m a i n t a i n e d  
w i t h  t h e r m a l  g r a d i e n t s  n o t  t o  exceed 0 . 9 ° ~ ( 0 . 5 0 ~ ) .  
The second requirement  i s  t h a t  t h e  t e l e s c o p e  s t r u c t u r e ,  and any i n t e r n a l  
mechanism, must e i t h e r  b e  p r o t e c t e d  from l a r g e  c i r c u m f e r e n t i a l  t e m p e r a t u r e  
v a r i a t i o n ,  o r  s p e c i a l l y  des igned  t o  compensate f o r  t h o s e  v a r i a t i o n s .  F i g u r e s  
306 and 307, t aken  from Perkin-Elmer Report  No. 8900, r e f e r r e d  t o  e a r l i e r ,  
show t h e  t r a n s i e n t  t e m p e r a t u r e s  a t  t o u r  circumferential l o c a t i o n s  of t h e  two- 
mete r  t e l e s c o p e  t u b e  a s  determined d u r i n g  a  p rev ious  s t u d y .  These curves  
show t h e  i n f l u e n c e  of  s o l a r  i n c i d e n c e  a n g l e ,  @, on t e m p e r a t u r e  d i s t r i b u t i o n  
around t h e  t e l e s c o p e .  The t e m p e r a t u r e s  were computed f o r  one o r b i t  and t h u s  do 
n o t  r e p r e s e n t  e q u i l i b r i u m  c o n d i t i o n s .  
The h i g h  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  of t h e  h e a t  p i p e  r e s u l t s  i n  i t s  
a b i l i t y  t o  i s o t h e r m a l i z e  s u r f a c e s  s u b j e c t e d  t o  wide v a r i a t i o n s  i n  the rmal  
load .  It i s  t h i s  unique a t t r i b u t e  t h a t  h a s  s t i m u l a t e d  t h e  i n t e r e s t  i n  
a p p l y i n g  t h e  h e a t  p ipe  p r i n c i p l e  t o  t h e  the rmal  c o n t r o l  o f  o r b i t a l  t e l e -  
scopes .  A r e d u c t i o n  of  t h e  c i r c u m f e r e n t i a l  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  
t e l e s c o p e  t u b e  t o  approximate  a n  i s o t h e r m a l  s u r f a c e  would s u b j e c t  t h e  
i n t e r n a l  o p t i c s  t o  a  more uniform environment.  
Heat  P i p e  Design C o n s i d e r a t i o n s  
A s  p r e v i o u s l y  d i s c u s s e d ,  a  h e a t  p ipe  c o n s i s t s  of  a  conta inment  v e s s e l ,  a  
working f l u i d ,  and a  wick.  The d e s i g n  o f  t h e  h e a t  p i p e ,  and i t s  a s s o c i a t e d  
components, i s  a  f u n c t i o n  of t h e  p a r t i c u l a r  a p p l i c a t i o n  planned.  Once t h e  
maximum h e a t  load and o p e r a t i n g  t empera tu res  a r e  s e l e c t e d ,  t h e n  t h e  d e s i g n  
becomes a  m a t t e r  o f  s e l e c t i n g  t h e  c o n f i g u r a t i o n ,  working f l u i d ,  and wick ing  
m a t e r i a l  compat ib le  w i t h  t h e  requ i rements .  However, s i n c e  a l l  of t h e  f a c t o r s  
a r e  i n t e r r e l a t e d ,  t h e  b a s i c  e q u a t i o n s  t h a t  d e s c r i b e  a  h e a t  p i p e ' s  performance 
must b e  u t i l i z e d  t o  show t h e  i n t e r r e l a t i o n s h i p s .  These e q u a t i o n s  a r e  
developed i n  t h i s  s e c t i o n .  
The b a s i s  f o r  most og t h e  h e a t  p ipe  d e s i g n  p r e s e n t l y  i n  u s e  i s  t h e  t h e o r y  
developed by C o t t e r . "  T h i s  t h e o r y  e q u a t e s  t h e  p r e s s u r e  drop i n  t h e  l i q u i d  
phase (APL) and vapor phase (AP") t o  t h e  d i f f e r e n c e  between t h e  c a p i l l a r y  
pumping p r e s s u r e  (hPc) and t h e  p r e s s u r e  d i f f e r e n c e  r e s u l t i n g  from t h e  
g r a v i t y  f i e l d  (AP ) : 
g  
-1. 
" c o t t e r ,  T .P. :  Theory of  Heat P i p e s .  Los Alamos S c i e n t i f i c  Labora to ry  
Repor t  LA-3246-MS (TID-4500) 
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F i g u r e  306 . OTES S e c t i o n  1 Temperature H i s t o r y ,  f3 = 0 deg. 1 O r b i t  
(Perkin-Elmer Eng ineer ing  Repor t  No. 8900) 
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F i g u r e  307. OTES S e c t i o n  1 T e m p e r a t u r e  H i s t o r y ,  p = 52  d e g ,  1 O r b i t  
(Pe rk in -E lmer  E n g i n e e r i n g  Repor t  No. 8900) 
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For most a p p l i c a t i o n s  t h e  vapor  p r e s s u r e  drop i s  n e g l i g i b l e ,  and f o r  t h i s  
a p p l i c a t i o n  t h e r e  i s  a l s o  a  z e r o  g r a v i t y  f i e l d .  There fore ,  Equat ion (2) 
reduces  t o :  
The c a p i l l a r y p u m p i n g  term, APc, can be  expressed  a s  
where O = s u r f a c e  t e n s i o n  of l i q u i d ,  l b f / f t  
8 = l i q u i d  c o n t a c t  a n g l e  a t  e v a p o r a t o r  
e  
0 = l i q u i d  c o n t a c t  a n g l e  a t  condenser 
C 
r = e f f e c t i v e  r a d i u s  of wick pore  a t  e v a p o r a t o r ,  f t  
e  
r = e f f e c t  r a d i u s  o f  wick pore  a t  condensor,  f t  
C 
The p r e s s u r e  drop i n  t h e  l i q u i d  c o n s i s t s  o f  t h e  v i s c o u s  l o s s e s  and i s  
d e f i n e d  by 
a 
where p = v i s c o s i t y  o f  l i q u i d  l b  - h r / f t  2 f  
L '  = e f f e c t i v e  wick l e n g t h ,  f t  
= l i q u i d  mass f low r a t e ,  I b / h r  
p = d e n s i t y  o f  l i q u i d ,  lbm/ f t  3  
K = wick p e r m e a b i l i t y ,  f t  2  
A = t o t a l  c r o s s  s e c t i o n a l  a r e a  of wick, f t  2  
S u b s t i t u t i n g E q u a t i o n s ( 5 )  and (4) i n t o  Equa t ion  (3 )  and s o l v i n g  f o r  mass 
f low r a t e  y i e l d s  
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The maximum l i q u i d  f l o w  r a t e  w i l l  occur  when t h e  l i q u i d  c o n t a c t  a n g l e  i n  t h e  
condenser  i s  a  maximum, i . e . ,  90 degrees  and t h e  l i q u i d  c o n t a c t  a n g l e  i n  t h e  
e v a p o r a t o r  i s  a  minimum, i . e . ,  0  degrees .  Equa t ion  (6)  t h e n  y i e l d s  
I n  a  h e a t  p i p e  t h e  h e a t  t r a n s f e r  p rocess  i s  such  t h a t  t h e  h e a t  t r a n s f e r r e d  
th rough  t h e  e v a p o r a t i o n  p r o c e s s  predominates  t o  t h e  p o i n t  where a l l  o t h e r  
forms can be n e g l e c t e d .  T h e r e f o r 9 t h e  h e a t  t r a n s f e r  r a t e  can  be  e x p r e s s e d  a s  
where Q = h e a t  t r a n s f e r  r a t e ,  B tu /h r  
h  = l a t e n t  h e a t  of v a p o r i z a t i o n ,  Btu/  l b  
f g  m 
S u b s t i t u t i n g  Equa t ion  (7)  i n t o  Equat ion (8) y i e l d s  t h e  f o l l o w i n g  e x p r e s s i o n  
- 
2 pOKAh 
Qmax PL' r 
e  
Equat ion (9) d e f i n e s  t h e  maximum t o t a l  h e a t  i n p u t  t h a t  can be  t r a n s f e r r e d  by 
a  h e a t  p i p e  of a  g iven  c o n f i g u r a t i o n .  The o n l y  q u a n t i t y  i n  t h e  e q u a t i o n  t h a t  
cannot  be  r e a d i l y  de te rmined  i s  r e f f e c t i v e  r a d i u s  of t h e  wick pore  a t  t h e  
e  .' 
e v a p o r a t o r .  However, when t h e  e v a p o r a t i o n  r a t e  i s  a  maximum, t h a t  i s ,  t h e  
c o n t a c t  a n g l e ,  
'e' 
e q u a l s  0°,  t h e  r a d i u s  of  c u r v a t u r e  of  t h e  l i q u i d - v a p o r  
i n t e r f a c e ,  Re, e q u a l s  t h e  e f f e c t i v e  pore r a d i u s ,  re. Th i s  e f f e c t i v e  r a d i u s  
o f  c u r v a t u r e  i s  a l s o  t h e  minimum p o s s i b l e .  I f  t h e  porous passages  a r e  
t r e a t e d  a s  a  s i n g l e  c a p i l l a r y  of e q u i v a l e n t  d i a m e t e r ,  t h e  s u r f a c e  t e n s i o n  
a c t i n g  upward w i l l  b e  ba lanced  by t h e  f o r c e  o f  t h e  column of  l i q u i d  of 
l e n g t h  Am. A h y d r o s t a t i c  p r e s s u r e  b a l a n c e  can b e  w r i t t e n  a s  f o l l o w s :  
2 goo 
pgRm = - (10)  
Rm 
where g  i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y  and go t h e  p r o p o r t i o n a l i t y  c o n s t a n t  
i n  ~ e w t o n ' s  Second Law. S u b s t i t u t i n g  Equa t ion  (10) i n t o  Equation (9)  and 
grouping terms 
R a o  
- 
m KA ___L_ 
%ax - L' Crgo 
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I n  Equat ion ( l l ) ,  t h e  f i r s t  t e rm i s  a  d imens iona l  parameter  which i n v o l v e s  
o n l y  f l u i d  p r o p e r t i e s ,  w h i l e  t h e  o t h e r  t e rms  r e l a t e  t o  t h e  c a p i l l a r y  pumping 
and v i s c o u s  l o s s  c h a r a c t e r i s t i c s  o f  t h e  wick. T h i s  e q u a t i o n  i s  used i n  t h e  
subsequen t  s e c t i o n s  t o  e v a l u a t e  c a n d i d a t e  f l u i d s  and wicks ,  a s  w e l l  a s  t o  
d e f i n e  a  c o n c e p t u a l  d e s i g n  o f  t h e  h e a t  p ipe .  
Working F l u i d s  
The c h o i c e  of a  working f l u i d  i s  l a r g e l y  d i c t a t e d  by t h e  d e s i r e d  o p e r a t i n g  
t e m p e r a t u r e  of  t h e  h e a t  p i p e .  I n  t h i s  c a s e ,  s i n c e  t h e  d e s i r e d  o p e r a t i n g  
t e m p e r a t u r e  of  t h e  h e a t  p i p e  was - 1 1 2 ° ~ ( - 8 0 0 ~ ) ,  a  s e a r c h  was i n i t i a t e d  f o r  
f l u i d s  which had b o i l i n g  p o i n t s  below O°F. The s e a r c h  r e s u l t e d  i n  t h e  
f l u i d s  shown i n  T a b l e  4 1  . Water i s  i n c l u d e d  i n  t h i s  and subsequent  t a b l e s  
f o r  comparison.  From Tab le  4 1  , a  second l i s t  was p r e p a r e d  based on t h e  
f o l l o w i n g  c r i t e r i a :  
a .  B o i l i n g  p o i n t  i n  t h e  v i c i n i t y  o f  - 1 1 2 ° ~ .  
b. F r e e z i n g  p o i n t  low enough t o  a v o i d  f r e e z i n g  of t h e  f l u i d  on 
t h e  c o l d  s i d e  of  t h e  t e l e s c o p e .  
c. Vapor p r e s s u r e  of  f l u i d .  
d. S a f e t y  i n  hand l ing .  
The second group o f  f l u i d s  i s  shown i n  Tab le  42.  Ammonia and n i t r o g e n  a r e  
i n c l u d e d  i n  t h i s  l i s t  because  of  p r e v i o u s  u s e  f o r  h e a t  p i p e  a p p l i c a t i o n s .  
T h i s  s m a l l e r  group o f  f l u i d s  was t h e n  e v a l u a t e d  f o r  r e l a t i v e  performance 
a s  a  h e a t  p i p e  f l u i d  u s i n g  t h e  l i q u i d  t r a n s p o r t  f a c t o r ,  N. T h i s  f a c t o r  i s  
t h e  f i r s t  t e rm shown i n  Equa t ion  (11) and r e p e a t e d  h e r e  f o r  c l a r i t y  
where p = l i q u i d  d e n s i t y ,  l b  / f t  3 
m 
n = s u r f a c e  t e n s i o n  o f  l i q u i d ,  l b f / f t  
h = l a t e n t  h e a t  of  v a p o r i z a t i o n ,  ~ t u / l b  
f g  
p = v i s c o s i t y  o f  l i q u i d ,  l b f - h r l f t  2  
Tab le  42 shows t h e  l i q u i d  t r a n s p o r t  f a c t o r  f o r  each o f  t h e  f l u i d s  c a l c u l a t e d  
a t  t h e  f l u i d s  normal  b o i l i n g  p o i n t .  S i n c e  t h e  pa ramete r s  compr i s ing  N a r e  
a  f u n c t i o n  o f  t e m p e r a t u r e ,  i t  i s  n e c e s s a r y  t h a t  t h e  v a l u e  b e  determined o v e r  
t h e  a n t i c i p a t e d  o p e r a t i n g  range .  F i g u r e 3 0 8  shows t h e  f a c t o r  f o r  t h e  v a r i o u s  
f l u i d s .  The s i g n i f i c a n t  f e a t u r e  of F i g u r e 3 0 8  i s  t h a t  a l l  c a n d i d a t e  f l u i d s  
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TABLE 41. UNDIIIATE WORKING FLUIDS 
MELTINC: BOILING 
POINT POINT 
A c e t y l e n e  C2H2 -114. - 98. 
Ammonia NH3 -107.9 - 28.3  
Argon A -309. -303 
Carbon Monoxide CO -340. -314. 
C h l o r i n e  
Dihydrod ibo rance  
Ethane  C2H6 -297.7 -126.9  
E t h y l e n e  C2H4 -272.5 -154.8  
F l u o r i n e  
Methane 
bfethyl  C h l o r i d e  
N i t r o g e n  
N i t r o u s  Oxide  
Oxygen 
P e r c h l o r y  1 F l u o r i d e  
P ropane  C3H8 -305. - 43.7  
Propy l e n e  C H -381. - 52.6  3  6  
R e f r i g e r a n t  12 CC12F2 -247.3  - 22.  
R e f r i g e r a n t  13 
R e f r i g e r a n t  14 
R e f r i g e r a n t  22 CHClF2 -256. - 41 .7  
R e f r i g e r a n t  23 CHF3 -247.  -115.7  
R e f r i g e r a n t  503 (59.9% R13, 40.1% R23) --- -247 -127.6  
Water  H2° + 32.  +2 12 .  
Xenon 
'e 
-170. -162.  
SPACE OtVlSlON 
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TABLE 42 . PROPERTIES OF SELECTED FLUIDS 
FLUID 
Ammonia 
Ni t rogen 
MELTING BOILING DENS13 HEAT OF SUEG'ACE 
POINT POINT (lbm/ f t  ) VAPORIZATION TENSION 
FOF?MULA (OF) (OF) ( ~ t u / l b  m ) ( lbf-f  t )  
VISCOSITY 
LIQUID 
TRANSPORT 
FACTOR 
( ~ t u / h r - f t  ) 
(1) Chemical Formula - 59.9% R e f r i g e r a n t  13 
40.1% R e f r i g e r a n t  23 
Propane C3H8 -305.8 - 4 3 . 7  36.3 182.7 10.2 E-4 1.18 E-9 0.570 
R e f r i g e r a n t  12 CCL2F2 -2 52 - 21.62 92.8 71.0 1 1 . 1 E - 4  2 . 1  E-9 0 .348  
R e f r i g e r a n t  13 CCLF3 -294 -114.6 95 .O 63.9 10.3 E-4 1.85 E-9 0.340 
H &, R e f r i g e r a n t  23 CHF3 -247 -115.7 89.9 
+' 
+' 
R e f r i g e r a n t  503 (1) -247 -127.6 94.5 74.21 13.0 E-4 1.82 E-9 0.501 
Water 4-3 2  4-2 12 59.8 970.4 40.3 E-4 1 ~ 6 5  E-g 14.170. 
(2) A l l  p r o p e r t i e s  a t  normal b o i l i n g  p o i n t  (14.7 p s i a )  
- -- 
* 
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2  
t e n d  t o  c l u s t e r  i n  t h e  range  of N = 3 x 1 0 ' ~  t o  N = 6 x 1 0 . ~ ~  B t u / h r - f t  , w h i l e  
N f o r  w a t e r  h a s  a  v a l u e  approx imate ly  one hundred t imes  g r e a t e r .  S i n c e  t h e  
maximum h e a t  t r a n s f e r  a b i l i t y  of  t h e  h e a t  p i p e  is  a d i r e c t  f u n c t i o n  of t h e  
l i q u i d  t r a n s p o r t  f a c t o r ,  a  w a t e r  h e a t  p i p e  can t r a n s f e r  approx imate ly  25 
t i m e s  more h e a t  t h a n  a  R e f r i g e r a n t  23 h e a t  p i p e  o f  t h e  same d iamete r  and 
l e n g t h ,  assuming a l l  o t h e r  f a c t o r s  e q u a l .  
A s  a  r e s u l t  o f  t h i s  a n a l y s i s ,  R e f r i g e r a n t  23 was s e l e c t e d  a s  o f f e r i n g  t h e  
b e s t  performance i n  t h e  p rox imi ty  of  - 1 1 2 ' ~ .  It h a s  t h e  h i g h e s t  v a l u e  of 
N,  a  low f r e e z i n g  p o i n t ,  and o f f e r s  v e r y  good c o m p a t i b i l i t y  w i t h  most common 
c o n s t r u c t i o n  m a t e r i a l s .  
Wicking M a t e r i a l s  
A considerable amount of r e s e a r c h  h a s  been accomplished on wick ing  m a t e r i a l s  
f o r  h e a t  p i p e  a p p l i c a t i o n s .  Most o f  t h e  r e s e a r c h ,  however, has  been 
accomplished w i t h  f l u i d s  t h a t  a r e  l i q u i d s  a t  room t e m p e r a t u r e .  Equat ion (11) 
c o n t a i n s  two pa ramete r s  which r e l a t e  t o  wick performance.  These  a r e  t h e  
p e r m e a b i l i t y  of  t h e  wick (K) and t h e  wick ing  h e i g h t  (&), b o t h  of which 
must b e  e x p e r i m e n t a l l y  de te rmined .  T a b l e  43 p r e s e n t s  d a t a  from Langston and 
Kunz* on t h e  performance o f  v a r i o u s  wick ing  m a t e r i a l s  w i t h  wa te r  and Freon 
113. No p u b l i s h e d  d a t a  was found on wick performance w i t h  t h e  c a n d i d a t e  
f l u i d s  p r e v i o u s l y  i d e n t i f i e d .  However, i t  shou ld  be  no ted  t h a t  p e r m e a b i l i t y  
i s  independen t  o f  t h e  working f l u i d ,  and t h e  v a l u e s  shown f o r  p e r m e a b i l i t y  i n  
T a b l e  43 can be  u s e d  i n  t h i s  s t u d y .  The q u a n t i t y  &, d e f i n e d  a s  t h e  maximum 
h e i g h t  t h a t  a  l i q u i d  w i l l  r i s e  i n  a  v e r t i c a l  s c r e e n  due t o  t o  c a p i l l a r y  a c t i o n  
i s  a f u n c t i o n  of t h e  p a r t i c u l a r  f l u i d  used .  It i s  e x p r e s s e d  i n  Langston and 
~ u n z "  a s  
where a = s u r f a c e  t e n s i o n  of  l i q u i d  L 
8 = l i q u i d - v a p o r  c o n t a c t  a n g l e  
L 
= d e n s i t y  o f  l i q u i d  
D = p o r e  d i a m e t e r  of  wick 
The r a t i o  of t h e  e q u i l i b r i u m  h e i g h t s  f o r  d i f f e r e n t  f l u i d s  w i t h  t h e  same wick 
c a n  b e  determined from 
J. 
Langston,  L.S., and Kunz, H.R.: L iqu id  T r a n s p o r t  P r o p e r t i e s  o f  Some Heat 
P i p e  Wicking M a t e r i a l s .  ASME P r e p r i n g  69-HT- 17, August 1969. 
WICK TYPE 
150-29711 N i c k e l  Powder 
2 9 7 - 8 4 1 ~  N i c k e l  Powder 
297-841c: N i c k e l  Powder 
50  Mesh N i c k e l  S c r e e n  
1 0 ~  S i n t e r e d  N i c k e l  F i b e r  
10p S i n t e r e d  N i c k e l  F i b e r  
10p S i n t e r e d  Nice1  F i b e r  
15u S i n t e r e d  N i c k e l  F i b e r  
76u 430 S. S. F i b e r  
297-841~;  N i c k e l  Powder 
2 9 7 - 8 4 1 ~  N i c k e l  Powder 
1 0 ~  S i n t e r e d  N i c k e l  F i b e r  
FLUID 
Water  
Water  
Water  
Water  
Water  
Water  
Water  
Water  
Water  
F r e o n  113 
F r e o n  113 
F r e o n  113 
POROSITY 
65.8% 
54.0% 
69.9% 
62.5% 
86.8% 
82.5% 
68.9% 
88.0% 
82.2% 
54.0% 
69.6% 
86.6% 
MEDIAN PORE 
DIAMETER , 
MICRONS 
770 
-80 
>80 
> I00  
4 3 . 8  
35.0 
2 6 . 5  
4 0 . 7  
,80.0 
A30 
~ 3 0  
4 3 . 8  
PERMEABILITY, W I C K I N G  HEIGHT, 
'm 
INCHES 
PERFORMANCE 
FACTOR. K& 
F T ~  ' 
it 
Langs ton ,  L . S . ,  and  Kunz, H . R . :  L i q u i d  T r a n s p o r t  P r o p e r t i e s  o f  Some Heat  P i p e  Wick ing  M a t e r i a l s .  
ASME P r e p r i n t  69-HT-17, August  1969. 
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S i n c e  t h e  maximum wicking h e i g h t  w i l l  occur  when t h e  l i q u i d  vapor  c o n t a c t  a n g l e  
i s  0 d e g r e e s ,  t h e  c o s i n e  t e rm can  b e  dropped from Equat ion (14) .  While t h i s  w i l l  
i n d i c a t e  t h e  t h e o r e t i c a l  r a t i o  of e q u i l i b r i u m  h e i g h t s ,  e x p e r i m e n t a l  d a t a ,  such 
a s  t h a t  shown i n  T a b l e  43 , w i l l  v a r y  c o n s i d e r a b l y  from t h e o r e t i c a l  v a l u e s .  
T h i s  v a r i a t i o n  i n  4, can r e s u l t  from d i f f e r e n c e s  i n  t h e  c l e a n i n g  p r o c e s s ,  
e x p e r i m e n t a l  p rocedure ,  and c o n t a c t  a n g l e  h y s t e r e s i s .  
It shou ld  be  p o i n t e d  o u t  t h a t  h e a t  p ipe  performance i s  v e r y  s e n s i t i v e  t o  f a b r i c a -  
t i o n  p rocedures .  Wick performance i s  dependent on t h e  d e g r e e  of wick compact ion,  
which a f f e c t s  t h e  wick p e r m e a b i l i t y ,  and t h e  c l e a n l i n e s s  of t h e  wick,  which a f f e c t s  
i t s  wiclcing a b i l i t y .  Th i s  makes i t  i m p e r a t i v e  t h a t  t h e  performance o f  a  p a r t i c u -  
l a r  w i c k - f l u i d  combinat ion be  e s t a b l i s h e d  e x p e r i m e n t a l l y  v e r y  e a r l y  i n  t h e  d e s i g n  
phase  of  a  p r o j e c t .  
C o n f i g u r a t i o n s  
I n  s e l e c t i n g  p o t e n t i a l  c o n f i g u r a t i o n s ,  two b a s i c  approaches  a r e  a v a i l a b l e .  The 
h e a t  p i p e  can be  used  t o  i s o l a t e  t h e  i n t e r i o r  of  t h e  t e l e s c o p e  from t h e  env i ron-  
ment, o r  i t  can be  used t o  remove t e m p e r a t u r e  g r a d i e n t s  from t h e  o p t i c s  and t h e  
i n t e r i o r  of t h e  t e l e s c o p e .  
The b a s i c  phi losophy fo l lowed  i n  s e l e c t i n g  c o n f i g u r a t i o n s  f o r  i n v e s t i g a t i o n  was 
t o  f u r n i s h  a n  i s o t h e r m a l  s u r f a c e  f o r  t h e  o p t i c s  t o  view. F i g u r e  309 shows t h e  
v a r i a t i o n  i n  t h e  m i r r o r  form f a c t o r  w i t h  d i s t a n c e  from t h e  m i r r o r ,  As shown i n  
F i g u r e  309 ,  more t h a n  95 p e r c e n t  o f  t h e  v iew from t h e  m i r r o r  t o  t h e  t e l e s c o p e  w a l l  
comes from nodes l e s s  t h a n  f o u r  r a d i i  (two d i a m e t e r s )  from t h e  m i r r o r  ( f o r  e q u a l  
t e m p e r a t u r e s ) .  There fo re ,  t e m p e r a t u r e s  i n  t h i s  s e c t i o n  of  t h e  t u b e  w i l l  have a  
dominant i n f l u e n c e  on m i r r o r  t empera tu re .  The form f a c t o r  o u t  t h e  end o f  t h e  
t e l e s c o p e  i s  v e r y  s m a l l ,  and consequen t ly ,  h a s  a v e r y  s m a l l  i n f l u e n c e  on m i r r o r  
t e m p e r a t u r e .  
S t u d i e s  r e p o r t e d  on i n  t h i s  s e c t i o n  were made t o  i d e n t i f y  t h e  v a r i o u s  c o n f i g -  
u r a t i o n s  and t h e  t r a d e - o f f s ,  advan tages ,  and d i s a d v a n t a g e s  of each approach .  
S e l e c t i o n  of a p a r t i c u l a r  c o n f i g u r a t i o n  f o r  f u r t h e r  development w i l l  be  r e -  
p o r t e d  i n  t h e  s e c t i o n  on c o n c e p t u a l  d e s i g n .  
C o n f i g u r a t i o n  Number One 
F i g u r e  310 shows one approach t h a t  h a s  been i n v e s t i g a t e d .  A s e r i e s  of h e a t  p i p e s  
' a r e  wrapped around t h e  p e r i p h e r y  of  t h e  t e l e s c o p e  t u b e ,  t h u s  r e d u c i n g  t h e  s u r -  
f a c e  t o  a  s e r i e s  of  bands o r  b e l t s .  The h e a t  p ipes  t r a n s f e r  h e a t  from t h e  h o t  
s i d e  and r e j e c t  t h e  h e a t  on t h e  c o l d  s i d e ,  t h u s  r e d u c i n g  t h e  c i r c u m f e r e n t i a l  
g r a d i e n t .  An a n a l y s i s  was made t o  show t h e  r e d u c t i o n  t h a t  cou ld  r e s u l t  from 
t h e  approach .  
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K e f ~ r r i n g  a g a i n  t o  Figurtx 307,  tllc t e m p e r a t u r e s  shown a t  a p p r o x i m a t e l y  2750 
s e c o n d s  were  u s e d  i n  t h i s  a n a l y s i s .  The h e a t  p i p e s ,  o p e r a t i n g  a t  - 1 1 2 " ~ ,  a r e  
p l a c e d  a round  t h e  t e l e s c o p e ,  spaced  8 i n .  a p a r t .  Assuming e q u i l i b r i u m  c o n d i t i o n s ,  
E 0 .8 ,  no c i r c u m f e r e n t i a l  c o n d u c t i o n ,  no i n t e r n a l  r a d i a t i o n ,  and an  aluminum 
s k i n  t h i c k n e s s  o f  0 .02  i n . ,  t h e  r e d u c t i o n  i n  c i r c u m r e r e n t i a l  t e m p e r a t u r e  g r a d i e n t  
was c a l c u l a t e d .  R e s u l t i n g  t e m p e r a t u r e s  shown below i n  F i g u r e  3 1 1  a r e  a t  t h e  mid- 
p o i n t  be tween t h e  h e a t  p i p e s .  
WITHOUT HEAT PIPE WITH HEAT PIPE 
F i g u r e  3  11. T e m p e r a t u r e  G r a d i e n t  Reduc t ion  R e s u l t i n g  From C i r c u l a r  
Heat  P i p e  
P u t t i n g  t h e  h e a t  p i p e s  c l o s e r  t o g e t h e r  would f u r t h e r  r e d u c e  t h e  g r a d i e n t s ,  a s  
would i n c r e a s i n g  t h e  s k i n  t h i c k n e s s .  
Using  c o n f i g u r a t i o n  one ,  t h e  c e n t e r  of  e a c h  band would b e  a t  t h e  h e a t  p i p e  
o p e r a t i n g  t e m p e r a t u r e  w i t h  g r a d i e n t s  toward  t h e  edge  o f  t h e  band. L o n g i t u d i n a l  
g r a d i e n t s ,  i . e . ,  be tween h e a t  p i p e s ,  can  b e  r e d u c e d  by i n c r e a s i n g  t h e  t h i c k n e s s  
( 6 )  o f  t h e  c y l i n d r i c a l  s u r f a c e ,  o r  by r e d u c i n g  t h e  w i d t h  (L) o f  t h e  bands .  An 
a n a l y s i s  was conduc ted  t o  i l l u s t r a t e  t h e  e f f e c t s  o f  v a r y i n g  t h e s e  two p a r a -  
m e t e r s .  I n  t h e  a n a l y s i s  i t  was assumed t h a t  t h e  h e a t  p i p e s  ( a t  T = - 1 1 2 " ~ )  
were s e p a r a t e d  by a d i s t a n c e  L  ( s e e  F i g u r e  3 1 2 )  and  i n  c o n t a c t  w i t h  a n  aluminum 
band of  t h i c k n e s s  6. It was f u r t h e r  assumed t h a t  one  s i d e  o f  t h e  aluminum s k i n ,  
w i t h  C ~ / C  = 0 . 2 ,  was exposed  t o  s o l a r  r a d i a t i o n  w i t h  t h e  o t h e r  s i d e  b e i n g  a d i a b a t i c .  
R e s u l t s ,  p r e s e n t e d  i n  F i g u r e  313  show t h e  maximum s t e a d y  s t a t e  t e m p e r a t u r e  
d i f f e r e n c e  between t h e  c e n t e r  and  edge  o f  t h e  band as a  f u n c t i o n  of  L  and 5 .  
A s  shown, t h e  c i r c u m f e r e n t i a l  h e a t  p i p e  does  have  t h e  p o t e n t i a l  o f  e f f e c t i n g  s i g n i -  
f i c a n t  r e d u c t i o n s  i n  t h e  t h e r m a l  g r a d i e n t s .  
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F i g u r e  3 1 3 .  T e m p e r a t u r e  G r a d i e n t  as a F u n c t i o n  o f  Heat  P i p e  
S p a c i n g  (L) a n d  T e l e s c o p e  S k i n  T h i c k n e s s  (6) 
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F o r  t h e  c i r c u n l i e r e n t i a l  h e a t  p i p e  d e s i g n  a p p r o a c h ,  d e s i g n  c o n s i d e r a t i o n s  migh t  
d i c t a t e  t l ~ c  l o c a t i o n  of  t h e  h e a t  p i p e s  on t l t e  i n s i d e  p e r i p h e r y  o f  t h e  o u t e r  
t e l e s c o p e  t u b e  t o  a v o i d  m e t e o r o i d  p u n c t u r e .  A d d i t i o n a l l y ,  b e c a u s e  o f  t h e  
p r e v i o u s l y  d i s c u s s e d  F-orm f a c t o r  r e l a t i o n s h i p  be tween t h e  t u b e  and  t h e  m i r r o r  
( F i g u r e  3 0 9 ) ,  t h e  h e a t  p i p e s  s h o u l d  be c l o s e r  t o g e t h e r  a t  t h e  m i r r o r  end  o f  t h e  
t u b e .  I n  t h e  c o n c e p t u a l  d e s i g n  s e c t i o n  o f  t h e  r e p o r t ,  a  c o n f i g u r a t i o n  i s  
a n a l y z e d i n  d e t a i l  where  t h e  h e a t  p i p e  o r  vapor  chamber a f f o r d s  p r o t e c t i o n  o n l y  
i n  t h e  p o r t i o n  o f  t h e  t e l e s c o p e  t u b e  a d j a c e n t  t o  t h e  p r i m a r y  m i r r o r .  Those  r e -  
s u l t s  c o n f i r m  t h e  e f f e c t  shown i n  F i g u r e 3 0 9 .  
C o n f i g u r a t i o n  Number Two 
F i g u r e  3 1 4  shows a  d u a l  h e a t  p i p e  - v a p o r  chamber a p p r o a c h .  L o n g i t u d i n a l  h e a t  
p i p e s ,  a t t a c h e d  t o  t h e  i n s i d e  o f  t h e  t e l e s c o p e  w a l l ,  a r e  u s e d  i n  c o n j u n c t i o n  w i t h  
a  v a p o r  chamber l o c a t e d  b e h i n d  t h e  p r imary  m i r r o r .  The l o n g i t u d i n a l  h e a t  p i p e s  
would r e d u c e  t h e  l o n g i t u d i n a  1 and t h e  c i r c u m f e r e n t i a l  g r a d i e n t s  i n  t h e  t e l e s c o p e  
t u b e ,  and  a d d i t i o n a l l y ,  would f u r n i s h  a  n e a r l y  i s o t h e r m a l  s u r f a c e  f o r  r a d i a t i o n  
i n t e r c h a n g e  w i t h  t h e  f r o n t  o f  t h e  p r imary  m i r r o r .  The v a p o r  chamber i s  removed 
a  s h o r t  d i s t a n c e  f rom t h e  back  o f  t h e  p r imary  m i r r o r .  T h i s  would p r e v e n t  t h e  
v a p o r  chamber from i n t r o d u c i n g  any  d i s t u r b a n c e s  i n t o  t h e  o p t i c s  due  t o  t h e  momentum 
o f  i n t e r n a l  movement o f  f l u i d  ( c o n s i d e r e d  t o  b e  v e r y  s m a l l ) .  The r e a r  f a c e  o f  
t h e  p r i m a r y  m i r r o r  and  t h e  f a c e  o f  t h e  v a p o r  chamber would b e  c o a t e d  t o  promote  
good r a d i a t i o n  i n t e r c h a n g e  be tween t h e  two. A common work ing  f l u i d  would b e  u s e d  
i n  b o t h  t h e  l o n g i t u d i n a l  h e a t  p i p e s  and  t h e  v a p o r  chamber, t h u s  r e s u l t i n g  i n  t h e  
f r o n t  and  r e a r  f a c ~ s  o f  t h e  p r imary  m i r r o r  b e i n g  exposed  t o  t h e  same t e m p e r a t u r e .  
Whi le  t h i s  d u a l  a p p r o a c h  does  show promise ,  i t  would b e  more c o m p l i c a t e d  t h a n  
c o n f i g u r a t i o n  number one .  It migh t  a l s o  i n t e r f e r e  w i t h  t h e  i n t e r n a l  s t r u c t u r e  
of  t h e  t e l e s c o p e  a n d  t h e  c o n t a i n e d  i n s t r u m e n t s .  However, i t  d o e s  u s e  t h e  h e a t  
p i p e  and  v a p o r  chamber i n  t h e  more f a m i l i a r  c o n f i g u r a t i o n s  which  have  unde rgone  
much development  work. 
C o n f i g u r a t i o n  Number T h r e e  
F i g u r e  315 shows a n  a p p r o a c h  which combines some o f  t h e  f e a t u r e s  o f  t h e  p r e v i o u s  
two c o n f i g u r a t i o n s .  I n  t h i s  c a s e ,  a n  a n n u l a r  v a p o r  chamber s t r u c t u r e  i s  i n  c o n t a c t  
w i t h  t h e  t e l e s c o p e  t u b e .  T h i s  a n n u l u s  c o u l d  e i t h e r  b e  on t h e  i n t e r i o r  o r  ex -  
t e r i o r  of  t h e  t e l e s c o p e ,  o r  i t  c o u l d  b e  a n  i n t e g r a l  p a r t  o f  t h e  t e l e s c o p e  t u b e .  
With t h i s  a n n u l a r  c o n f i g u r a t i o n ,  t h e  wick  s t r u c t u r e  c o v e r s  a l l  s u r f a c e s  on t h e  
i n s i d e  o f  t h e  v a p o r  chamber,  w i t h  r a d i a l  wick  s p o k e s  c o n n e c t i n g  t h e  i n n e r  a n d  
o u t e r  s h e l l .  T h i s  c o n f i g u r a t i o n  d e p a r t s  r a d i c a l l y  from t h e  t r a d i t i o n a l  h e a t  
p i p e  c o n f i g u r a t i o n  and  c o n s e q u e n t l y ,  would r e q u i r e  more development .  A s i m i l a r  
c o n f i g u r a t i o n ,  however,  h a s  .l  been  s u c c e s s f u l l y  employed i n  a  h e a t  p i p e  d e s i g n e d  
t o  c o o l  a n  e l e c t r o n  t u b e . ^  
-1. 
B a s c u l i s ,  A . ,  and  Dixon, J .  C .  : Heat  P i p e  Des ign  f o r  E l e c t r o n  Tube Coo l ing .  
ASME P r e p r i n t  69-HT-25, August  1969.  
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P r e v i o u s  s e c t i o n s  of  t h i s  r e p o r t  have p r e s e n t e d  t h e  r e s u l t s  o f  t h e  r e s e a r c h  
i n t o  p o t e n t i a l  h e a t  p i p e  c o n f i g u r a t i o n s ,  working f l u i d s ,  and wick ing  m a t e r i a l s .  
I n  t h i s  s e c t i o n ,  t h e  r e s u l t s  of  t h i s  r e s e a r c h  w i l l  b e  used  t o  deve lop  a  con- 
c e p t u a l  h e a t  p i p e  c o n f i g u r a t i o n .  
E a r l i e r ,  R e f r i g e r a n t  23 was s e l e c t e d  a s  t h e  f l u i d  o f f e r i n g  t h e  b e s t  performance 
w i t h i n  t h e  d e s i r e d  t e m p e r a t u r e  range .  Accordingly ,  i t  was u s e d  i n  t h i s  s e c t i o n  
t o  a r r i v e  a t  a  c o n c e p t u a l  d e f i n i t i o n  of  t h e  h e a t  p i p e  c o n f i g u r a t i o n .  I n  a d d i t i o n ,  
t h e  a n a l y s i s  conducted i n  s u p p o r t  of t h e  t h r e e  c a n d i d a t e  c o n f i g u r a t i o n s  i n d i c a t e d  
t h a t  s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  t h e r m a l  g r a d i e n t s  c o u l d  b e  a c h i e v e d  th rough  
t h e  u s e  of t h e  c i r c u l a r  h e a t  p i p e s  around t h e  p e r i p h e r y  o f  t h e  t e l e s c o p e .  S ince  
t h i s  i s  t h e  l e a s t  complex approach,  i t  was chosen a s  t h e  c a n d i d a t e  c o n f i g u r a t i o n  
f o r  development i n  t h i s  s e c t i o n .  
The e q u a t i o n s  p r e s e n t e d  e a r l i e r  w i l l  now be u s e d  t o  a r r i v e  a t  a  h e a t  p i p e  d i a m e t e r  
and wick t h i c k n e s s .  
Equa t ion  (11) r e l a t e s  t h e  maximum h e a t  t r a n s f e r  c a p a b i l i t y  o f  a  h e a t  p i p e  t o  t h e  
working f l u i d  and w i c k - f l u i d  c h a r a c t e r i s t i c s  a s  f o l l o w s :  
P& 
I f g  - KA - pamg 
Qmax - 1-1 L I 
m o  
I f  t h e  f l u i d  p r o p e r t i e s  f o r  R e f r i g e r a n t  23  a t  - 1 1 2 ~ ~  a r e  s u b s t i t u t e d  i n t o  
Equa t ion  ( l l ) ,  an  e x p r e s s i o n  i s  o b t a i n e d  which shows t h e  r e l a t i o n s h i p  between 
%ax and t h e  h e a t  p i p e  p h y s i c a l  c h a r a c t e r i s t i c s .  T h i s  e q u a t i o n  i s  
KA R 
m 
Qmax = 48.4 x  1013 
= wick p e r m e a b i l i t y ,  f t  2 where K 
a = wick ing  h e i g h t ,  f t  
m 
= c r o s s  s e c t i o n a l  a r e a  o f  wick, f t  2 A 
L' = e f f e c t i v e  wick l e n g t h ,  f t  
The e f f e c t i v e  wick l e n g t h ,  L ' ,  i s  normal ly  t a k e n  a s  t h e  d i s t a n c e  from t h e  mid- 
p o i n t  of  t h e  e v a p o r a t o r  t o  t h e  midpoint  of t h e  condenser .  I n  t h i s  c a s e  L '  would 
have a  v a l u e  of 14.92 f e e t .  T h e r e f o r e ,  u s i n g  t h i s  v a l u e  f o r  L ' ,  and a  r a t i o  of  
wick i n s i d e  t o  o u t s i d e  d i a m e t e r  of  0.75,  t h e  f o l l o w i n g  e x p r e s s i o n  i s  o b t a i n e d :  
where d  i s  t h e  o u t s i d e  d i a m e t e r  of t h e  wick. Equa t ion  (16) was t h e n  s o l v e d  f o r  
0 
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v a r i o u s  v a l u e s  of  Qmax and t h e  q u a n t i t y  of  KQ, t o  show t h e  e f f e c t  of  h e a t  
t r a n s f e r  r a t e  and wick p r o p e r t i e s  on t h e  h e a t p i p e  d e s i g n .  The r e s u l t s  of  t h i s  
a n a l y s i s  a r e  shown i n  F i g u r e  317 . S i n c e  t h e  wick 0 .d .  i s  e f f e c t i v e l y  t h e  same 
a s  t h e  h e a t  p i p e  i . d . ,  h e a t  p i p e  i . d .  i s  shown on t h e  a b s c i s s a  of F i g u r e  317. 
For  a  t h r e e - i n c h  s p a c i n g  between t h e  h e a t  p i p e s ,  t h e  p r e v i o u s l y  c a l c u l a t e d  h e a t  
f l u x  of  36.5 ~ t u / h r - f t 2  would e q u a l  a  h e a t  t r a n s f e r  r a t e  of  136.5 B t u / h r  which 
t h e  h e a t  p i p e  would have t o  remove. R e f e r r i n g  a g a i n  t o  F i g u r e  317, i t  can be 
s e e n  t h a t  f o r  h e a t  t r a n s f e r  r a t e s  o f  t h i s  magnitude,  v a l u e s  of  K i m  of l e s s  t h a n  
2 . 1  x 10-10 f t 3  r e s u l t  i n  a  h e a t  p i p e  d iamete r  t h a t  exceeds  t h e  t h r e e  i n c h e s  
a l l o t t e d  f o r  s p a c i n g  between t h e  p i p e *  I n  o r d e r  t o  m a i n t a i n  t h e  h e a t  p i ~ e  
d iamete r  and consequen t ly  i t s  weight ,  w i t h i n  r e a s o n a b l e  l i m i t s ,  t h e  h e a t  
p i p e  d iamete r  probably  shou ld  no t  exceed 1 .5  i n c h e s .  Th i s  d iamete r  would r e q u i r e  
a  K.h v a l u e  = 7.6  x  10-10 f t 3 .  The wick performance d a t a  shown i n  T a b l e  were 
u s e d  i n  c o n j u n c t i o n  w i t h  Equat ion (14) t o  de te rmine  t h e o r e t i c a l  v a l u e s  of KQ,. 
T h i s  was done u s i n g  R e f r i g e r a n t  23 and t h e  wick d a t a  l i s t e d  i n  T a b l e  . Only 
one wick was found t o  have a  KR, v a l u e  t h a t  exceeded t h e  minimum v a l u e  o f  
7 .6  x 10-10 f t 3 .  The 76-micron s t a i n l e s s  s t e e l  f i b e r  wick had a  K R ,  v a l u e  of  
8.57 x 10- lo  f t 3 .  Using t h i s  v a l u e ,  a  h e a t  p i p e  i n s i d e  d iamete r  of 1 .44 i n c h e s  
was determined.  F i g u r e  318 shows a  h e a t  p i p e  d e s i g n  f o r  t h i s  a p p l i c a t i o n .  The 
s t a i n l e s s  s t e e l  wick i s  0 .18 i n .  t h i c k ,  and i s  bonded t o  t h e  i n s i d e  w a l l  o f  t h e  
s t a i n l e s s  s t e e l  h e a t  p i p e .  The r e l a t i v e l y  high. vapor  p r e s s u r e  of R e f r i g e r a n t  23 
(686 p s i a  a t  7 8 ' ~ )  d i c t a t e s  t h e  s e l e c t i o n  of  s t a i n l e s s  s t e e l  t u b i n g .  T h i s  
p e r m i t s  t h e  c h a r g i n g  of t h e  h e a t  p i p e  a t  ambient c o n d i t i o n s .  The h e a t  p i p e  i s  
formed i n t o  a  57-inch d iamete r  hoop t o  f i t  a round t h e  e x t e r i o r  of  s e c t i o n  1 
of t h e  t e l e s c o p e .  The h e a t  p i p e  would be  c o n s t r u c t e d  from a  s t r a i g h t  s e c t i o n  
o f  t u b i n g  b e n t  i n t o  a  hoop w i t h  o v e r l a p p i n g  ends t o  f a c i l i t a t e  c o n s t r u c t i o n  and 
i n s t a l l a t i o n  on t h e  t e l e s c o p e .  The weight  of t h e  h e a t  p ipe ,  i n c l u d i n g  f l u i d ,  
would be  approx imate ly  35 pounds. 
The s i n g l e  g r e a t e s t .  d r i v e r  i n  de te rmin ing  t h e  h e a t  p i p e  s i z e  i n  t h i s  c a s e  i s  
t h e  long d i s t a n c e  between t h e  e v a p o r a t o r  s e c t i o n  and t h e  condensor s e c t i o n .  
P r e v i o u s  e q u a t i o n s  have shown t h a t  w i t h  a l l  e l s e  e q u a l ,  t h e  d i a m e t e r  of  t h e  
h e a t  p i p e  v a r i e s  a s  t h e  s q u a r e  r o o t  of  t h i s  d i s t a n c e ,  L ' .  I f  more d e t a i l e d  
s t u d i e s  a t  a  l a t e r  t ime  i n d i c a t e  a  l a r g e r  h e a t  load t h a n  was used i n  t h i s  s t u d y ,  
i t  w i l l  b e  n e c e s s a r y  t o  s e e k  some means of improving t h e  wick performance i n  
o r d e r  t o  m a i n t a i n  t h e  h e a t  p ipe  a t  i t s  p r e s e n t  d iamete r .  The improved wick pe r -  
formance cou ld  be  r e a l i z e d  a s  a  r e s u l t  o f  improvements i n  b a s i c  wick performance,  
o r  a s  a  r e s u l t  of a d i f f e r e n t  wick c o n f i g u r a t i o n .  One such c o n f i g u r a t i o n  i s  shown 
be lov .  
WICK 
Figure 316, Heat P i p e  With A r t e r y  Wick 
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F i g u r e  317 E f f e c t  of  Wick C h a r a c t e r i s t i c s  and H e a t  Load on Heat 
P i p e  Diameter 
SPACE DiVISIOI1 PAf CORPORATION 
PERKIN-ELMER 
l l epor t  No. 9800 
SECTION A-A 
F i g u r e  318. Heat P i p e  Design 
PERKIN-ELMER 
Report  No, 9800 
The p r e c e d i n g  d e s i g n  shown c o n s i s t s  of  a  s t a n d a r d  wick around t h e  i n s i d e  
p e r i p h e r y  of  t h e  h e a t  p ipe ,  w i t h  a  s e p a r a t e ,  low r e s i s t a n c e  passage  bonded 
t o  i t .  T h i s  s e p a r a t e  low r e s i s t a n c e  passage  i s  c a l l e d  an a r t e r y .  The u s u a l  
h e a t  p i p e  wick must r e t u r n  t h e  f l u i d  t o  t h e  e v a p o r a t o r  i n  t h e  same wick i n  
which bo th  e v a p o r a t i o n  and c o n d e n s a t i o n  a r e  o c c u r r i n g .  With t h e  a r t e r y ,  t h e  
f l u i d  condenses  i n  t h e  wick a l o n g  t h e  h e a t  p i p e  w a l l ,  f lows i n t o  t h e  a r t e r y ,  
and i s  t r a n s p o r t e d  back t o  t h e  e v a p o r a t o r  r e g i o n .  The g r e a t e r  e f f i c i e n c y  
r e s u l t i n g  from t h e  s m a l l e r  p r e s s u r e  l o s s  i n  t h e  r e t u r n i n g  l i q u i d  would r e s u l t  
i n  a  s m a l l e r  wick a r e a  r e q u i r e d  f o r  a  g i v e n  h e a t  load ,  and consequen t ly ,  a  
s m a l l e r  d i a m e t e r  h e a t  p i p e .  
System Design 
P r e v i o u s  i n v e s t i g a t i o n s  i n t o  a p p l y i n g  h e a t  p i p e s  f o r  t e l e s c o p e  t h e r m a l  c o n t r o l  
have c o n s i d e r e d  t h e  deployment of  t h e  h e a t  p i p e s  a l o n g  t h e  e n t i r e  l e n g t h  o f  
t h e  t e l e s c o p e  tube .  T h i s  t y p e  o f  h e a t  p i p e  ar rangement  i s ,  however, a p p l i c a b l e  
o n l y  t o  t e l e s c o p e s  t h a t  have r i g i d ,  non-sec t ioned  t u b e  w a l l s .  A rev iew o f  t h e  
two-meter t e l e s c o p e  concept  p r e s e n t e d  i n  Perkin-Elmer Repor t  No. 8900 r e v e a l e d  
t h a t  t h e  t e l e s c o p e  t u b e  i s  composed of  s i x  s e c t i o n s  ( s e e  F i g u r e  319). F u r t h e r -  
more, w h i l e  i n  t h e  stowed c o n f i g u r a t i o n ,  t h e  f i v e  e x t e n s i o n  s e c t i o n s  of  t h e  s p a r  
a r e  c o n t a i n e d  w i t h i n  a  59-inch s e c t i o n  t h a t  i s  f i x e d .  T h i s  t e l e s c o p e  concep t ,  
t h e r e f o r e ,  l i m i t s  t h e  h e a t  p i p e  deployment l e n g t h  t o  59 i n c h e s .  Thus, i n  s t u d y -  
i n g  t h e  two-meter m i r r o r  t e m p e r a t u r e  and t e m p e r a t u r e  g rad ien t s ,  a  s p e c i a l  a n a l y s i s  
was needed t o  d e t e r m i n e  t h e  e f f e c t  o f  a  c o n f i n e d  h e a t  p i p e  deployment a r e a .  
I n  t h e  s e c t i o n  on c o n f i g u r a t i o n ,  t h e  i m p l i c a t i o n  was t h a t  a  deployment l e n g t h  
of twice  t h e  t u b e  d i a m e t e r  would be  s u f f i c i e n t  t o  i n s u r e  a  uniform environment  
o v e r  t h e  m i r r o r .  I n  r e f e r e n c i n g  F i g u r e  319 , t h e  59- inch l e n g t h  i s  e q u i v a l e n t  
t o  a n  L/R o f  o n l y  1.1. 
I n  performing t h e  two-meter m i r r o r  a n a l y s i s ,  a  c o n s t a n t  t e m p e r a t u r e  was assumed 
f o r  t h e  e n t i r e  t u b e  a r e a  p r o t e c t e d  by t h e  h e a t  p i p e .  T h i s  would b e  t h e  c a s e  i f  
a  vapor  chamber were used.  T h i s  assumpt ion g r e a t l y  s i m p l i f i e s  t h e  a n a l y s i s  
w h i l e  i n t r o d u c i n g  o n l y  a  v e r y  s m a l l  e r r o r ,  s i n c e  t h e  t h r e e - i n c h  s p a c i n g  d i s c u s s e d  
i n  t h e  p r e v i o u s  s e c t i o n  would r e s u l t  i n  o n l y  a  few d e g r e e s  d i f f e r e n c e  between 
h e a t  p i p e  t e m p e r a t u r e  and mid-span t empera tu re .  T h e r e f o r e ,  th roughout  t h e  
remainder  o f  t h i s  s e c t i o n ,  t h e  p o r t i o n  o f  t h e  t e l e s c o p e  s p a r  p r o t e c t e d  by t h e  
h e a t  p i p e s  w i l l  b e  termed a  vapor  chamber. 
I n  a n a l y s i s ,  two t e l e s c o p e  t u b e  t e m p e r a t u r e  d i s t r i b u t i o n s  were used.  These  
two d i s t r i b u t i o n s ,  shown i n  F i g u r e  320, approximate  t h e  t e m p e r a t u r e s  a t  2750 and 
4550 seconds  i n  F i g u r e  307. It was assumed t h a t  t h e s e  t u b e  t e m p e r a t u r e s  reniain 
u n a l t e r e d  i n  t h e  a r e a s  n o t  covered by t h e  vapor  chamber. T h e r e f o r e ,  i n  a  s t e a d y  
s t a t e  a n a l y s i s ,  t h e  m i r r o r  t e m p e r a t u r e  i s  a f f e c t e d  by t h e  r a d i a n t  i n t e r c h a n g e  
between t h e  m i r r o r  and  t h e  f i x e d  t u b e  t e m p e r a t u r e  d i s t r i b u t i o n  and t h e  r a d i a n t  
i n t e r c h a n g e  between t h e  m i r r o r  and t h e  c o n s t a n t  t e m p e r a t u r e  ( - l lZ°F)  vapor  
chamber. Other  f a c t o r s  a f f e c t i n g  t h e  a n a l y s i s  were t h e  a d i a b a t i c  c o n s t r a i n t  
imposed on t h e  a f t  s i d e  o f  t h e  m i r r o r  and t h e  assumpt ion t h a t  t h e  m i r r o r  c o u l d  
be  a d e q u a t e l y  d e f i n e d  by 18 nodes,  t h r e e  i n  t h e  r a d i a l  d i r e c t i o n  and s i x  
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c i r c u m ~ e r c n t i a l l y  ( s e e  F i g u r e  320) 0 S i m i l a r l y ,  t l ie  t e l e s c o p e  t u b e  beyond t h e  
v a p o r  chamber was d i v i d e d  i n t o  s i x  equa 1 c i r c ~ ~ m r e r c n t i a l  nodes .  T h e r e f o r e ,  t h e  
a v e r a g e  r a d i a t i n g  t e m p e r a t u r e  o f  t l ie  t u b e  TT, w a s  
6 0 .25  
1 
- 
\ T4 
6 I n  (17)  
n = 1 
where Tn r e p r e s e n t s  one  o f  t h e  s i x  t u b e  t e m p e r a t u r e s .  I n  o r d e r  t o  d e t e r m i n e  
t h e  a v e r a g e  m i r r o r  t e m p e r a t u r e  f o r  a  g iven  vapor  chamber l e n g t h ,  t h e  f o l l o w i n g  
e q u a t i o n  was d e r i v e d  : 
- - 4 0 . 2 5  
Tm 
= F - v c T  
m v  C m-vc 
I n  t h i s  r e l a t i o n ,  
- 
T  = t h e  a v e r a g e  m i r r o r  t e m p e r a t u r e ,  
m 
Tv c  
= t h e  vapor  chamber t e m p e r a t u r e ,  
TT = t h e  a v e r a g e  r a d i a t i n g  t e m p e r a t u r e  o f  t h e  t u b e  beyond 
t h e  v a p o r  chamber, and  
F  = t h e  form f a c t o r  from m i r r o r  t o  v a p o r  chamber. 
m-v c  
I n  o r d e r  t o  d e t e r m i n e  t h e  m i r r o r  t e m p e r a t u r e  and  t e m p e r a t u r e  g r a d i e n t s ,  t h e  
r a d i a t i o n  i n t e r c h a n g e  be tween e a c h  t u b e  node ( i n c l u d i n g  t h e  - 1 1 2 ' ~  v a p o r  
chamber)  and  e a c h  o f  t h e  18 m i r r o r  nodes  was computed. A d d i t i o n a l l y ,  c i r cum-  
f e r e n t i a l  and  r a d i a l  h e a t  c o n d u c t i o n  w i t h i n  t h e  m i r r o r  was computed. I n  t h e  
a n a l y s i s ,  v a p o r  chamber l e n g t h s  o f  0 ,  24, 5 0  and 140 i n c h e s  were c o n s i d e r e d  
a t  a  t e m p e r a t u r e  o f  - 1 1 2 ~ ~ ~  
M i r r o r  t e m p e r a t u r e s  r e s u l t i n g  from t h e  a n a l y s i s  u s i n g  t h e  t e l e s c o p e  t u b e  
t e m p e r a t u r e  d i s t r i b u t i o n  a t  2750 seconds  a r e  shown i n  T a b l e 4 4 a s  a  f u n c t i o n  of  
v a p o r  chamber l e n g t h .  A l so  shown i s  t h e  a v e r a g e  computed m i r r o r  t e m p e r a t u r e  
Tavgo F i g u r e  3 2 2 i s  a  r a d i a l  p l o t  of  t h e s e  m i r r o r  t e m p e r a t u r e s  f o r  e a c h  o f  
t h e  v a p o r  chamber l e n g t h s .  I n  t h i s  f i g u r e  b o t h  r a d i a l  and c i r c u m f e r e n t i a l  
g r a d i e n t s  can  b e  o b s e r v e d .  A s  a  f u r t h e r  a i d  i n  v i s u a l i z i n g  t h e  e f f e c t  of v a p o r  
chamber l e n g t h  on t h e  m i r r o r  t e m p e r a t u r e  g r a d i e n t ,  F i g u r e 3 2 3  was deve loped .  I n  
t h i s  p l o t  t h e  r a d i a l  t e m p e r a t u r e  d r o p  (Tc, a t  t h e  c e n t e r ,  minus Te, a t  t h e  edge )  
a t  t h e  s i x  c i r c u m f e r e n t i a l  l o c a t i o n s  was p l o t t e d  v e r s u s  v a p o r  chamber l e n g t h .  
A s  e x p e c t e d ,  t h e  r e s u l t s  show t h a t  t h e  m i r r o r  AT i s  r educed  w i t h  t h e  a d d i t i o n  
o f  a  vapor  chamber. Fu r the rmore ,  t h e  m i r r o r  AT would become n o n e x i s t e n t  if  
t h e  v a p o r  chamber e x t e n d e d  a l c n g  t h e - c r l t i r e  Length o t  t h e  t e l e s c o p e  t u b e .  
However, t h e  r e s u l t s  show t h a t  even i f  t h e  vapor  chamber c o u l d  b e  e x t e n d e d  t o  be  t h e  
same l e n g t h  a s  t h e  t e l e s c o p e  t u b e ,  i t  would be  i m p r a c t i c a l .  An optimum, v a p o r  chamber 
l e n g t h  was found t o  b e  a p p r o x i m a t e l y  32  i n c h e s "  T h i s  l e n g t h  v a p o r  chamber c o u l d  
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F igure  321 . Model o f  2-m Mirror  
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28 2-M Mir ror  I i n d i i l l  ( : t a d i e n L s  f o r  
-112°F VC o f  Var lous  Lengths  
~ u b ( 3  'remp (11' 2750 St:c V . C .  
-1 .0  -0 .8  -0.6 -0 .4  -0.2 0  0.2 0 .4  0.6 0.8 1.0 
F i g u r e  322. Mi r ro r  R a d i a l  Temperature  Gradient  (@ 8'2750 s e c )  
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VAPOR CHAMBER LENGTH, INCHES 
F i g u r e  323. M i r r o r  AT (@ 9 = 2750 Sec) vs. Vapor Chamber Length 
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m a i n t a i n  a  r a d i a l  t e m p e r a t u r e  d r o p  of  0 . 0 8 O ~  w i t h  p r a c t i c a l l y  no  c i r c u m f e r e n t i a l  
g r a d i e n t .  A p l o t  of  t h e  form f a c t o r s  from t h e  m i r r o r  nodes t o  t h e  t u b e  nodes  
r e v e a l s  t h a t  t h e  form f a c t o r  d i s t r i b u t i o n  i s  more n e a r l y  c o n s t a n t  Tor a  vapor  
chamber l e n g t h  of 32 i n c h e s  t h a n  f o r  any o t h e r  l e n g t h .  Th i s  shows up p a r t i c u -  
l a r l y  w e l l  on a  p o l a r  c o o r d i n a t e  p l o t .  To de te rmine  t h i s  optimum vapor  chamber 
l e n g t h  f o r  a  g iven geometry w i t h o u t  p l o t t i n g  t h e  form f a c t o r s ,  a  form f a c t o r  
d i f f e r e n c i n g  t e c h n i q u e  cou ld  be  employed. Th i s  would i n v o l v e  knowing t h e  form 
f a c t o r s  from a  s e c t o r  o f  t h e  m i r r o r  t o  a l l  o f  t h e  nodes on t h e  t e l e s c o p e  t u b e  
f o r  v a r i o u s  vapor  chamber l e n g t h s .  With t h i s  i n f o r m a t i o n  t h e  d i f f e r e n c e  between 
t h e  form f a c t o r  t o  t h e  t u b e  node a t  some 111- l o c a t i o n  and t h e  form f a c t o r  t o  t h e  
t u b e  node a t  t h e  dlf180 l o c a t i o n  cou ld  be  computed f o r  a l l  180 >di>O. The optimum 
vapor  chamber l e n g t h  could  t h e n  b e  found by d e t e r m i n i n g  t h e  s m a l l e s t  v a p o r  
chamber l e n g t h  t h a t  r e s u l t s  i n  s a t i s f y i n g  t h e  e x p r e s s i o n  
F 7 
,!- m i r r o r  t u b e  node\  - ( m i r r o r  t u b e  node\ =0. (19)  
s e c t i o n  j a t  4 \ s e c t i o n  j a t  1114-180 j 
N a t u r a l l y ,  f o r  a v e r y  long vapor  chamber l e n g t h ,  i . e . ,  L /R  >4, Equat ion (19) 
cou ld  b e  s a t i s f i e d .  However, a s  p r e v i o u s l y  ment ioned,  a  l e n g t h  o f  t h i s  rnagni- 
t u d e  i s  o f t e n  i m p o s s i b l e  because  o f  d e s i g n  l i m i t a t i o n s .  For  t h i s  a n a l y s i s  t h e  
optimum vapor  chamber l e n g t h  computed u s i n g  Equat ion (19) was 31.987 i n c h e s .  
R e s u l t s  o b t a i n e d  from t h e  t e l e s c o p e  t u b e  t e m p e r a t u r e  d i s t r i b u t i o n  a t  4550 s e c ~ n d s  
(from F i g u r e  320) a r e  p r e s e n t e d  i n  T a b l e 4 5 ,  and F i g u r e s  324 and 325. These  r e s u l t s  
a r e  s i m i l a r  t o  t h o s e  d i s c u s s e d  f o r  t h e  t e l e s c o p e  t u b e  t e m p e r a t u r e  d i s t r i b u t i o n  
a t  2750 seconds .  A s  i n  t h e  p r e v i o u s  a n a l y s i s  t h e  AT c r o s s o v e r  i n  F i g u r e  325 
o c c u r s  a t  a  vapor  chamber l e n g t h  of  approx imate ly  32 i n c h e s .  The v a l u e  of  t h e  
m i r r o r  AT f o r  t h e  4550-second t u b e  t e m p e r a t u r e  d i s t r i b u t i o n  a t  t h e  optimum 
vapor  chamber l e n g t h  i s  0 . 0 7 ' ~ .  
A d d i t i o n a l  a n a l y s e s  r e v e a l e d  t h a t  t h e  32- inch vapor  chamber l e n g t h  i s  u n i q u e  
t o  t h e  m i r r o r - t e l e s c o p e  t u b e  geometry ana lyzed  and i s  independent  of  t h e  vapor  
chamber t e m p e r a t u r e  and average  t e l e s c o p e  t u b e  t empera tu re .  The chamber and 
t u b e  t e m p e r a t u r e s  do, however, a f f e c t  t h e  magnitude o f  t h e  m i r r o r  AT and,  
a c c o r d i n g  t o  Equa t ion  (18) ,  a l s o  a f f e c t  t h e  average  m i r r o r  t empera tu re .  A 
p l o t  of  t h e  a v e r a g e  m i r r o r  t e m p e r a t u r e  a s  computed from Equa t ion  (18) f o r  
bo th  t e l e s c o p e  t e m p e r a t u r e  d i s t r i b u t i o n s  i s  c o n t a i n e d  i n  F i g u r e  3 2 6 .  Also  
shown i n  t h i s  f i g u r e  a r e  t h e  a v e r a g e  m i r r o r  t e m p e r a t u r e s  a s  computed i n  t h e  
a n a l y s i s  and t h e  form f a c t o r  from t h e  m i r r o r  t o  t h e  vapor  chamber. To a c h i e v e  
a n  a v e r a g e  m i r r o r  t e m p e r a t u r e  of -112OF u s i n g  a  vapor  chamber l e n g t h  of  32 
inches  would, a c c o r d i n g  t o  Equa t ion  ( 1 8 ) ,  r e q u i r e  vapor  chamber t e m p e r a t u r e  of  
approx imate ly  - 1 4 6 . 3 ~ ~  f o r  e i t h e r  o f  t h e  t u b e  t e m p e r a t u r e  d i s t r i b u t i o n s  a n a l y z e d .  
O p e r a t i n g  a t  t h i s  t e m p e r a t u r e  cou ld ,  a c c o r d i n g  t o  F i g u r e  3 0 8 ,  r e q u i r e  t h e  
s e l e c t i o n  o f  R e f r i g e r a n t  503 a s  t h e  working f l u i d .  
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F i g u r e 3 2 4  . M i r r o r  R a d i a l  Temperature  Grad ien t  ((3 0 =4550 Sec .) 
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VAPOR CHAMBER LENGTH, INCHES 
F i g u r e  325, M i r r o r  AT (@ P = 4550 Sec.) vs. Vapor Chamber Length 
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Firmre 326. Average Mirror Temperature and Form Factor to - 1 1 2 ° ~  Vapor Chamber 
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CONCLUSIONS AND RECOMMENDATIONS 
The f o l l o w i n g  i s  a  summary of  t h e  major c o n c l u s i o n s  and recornmendations 
r e s u l t i n g  from t h e  accomplishment of t h e  s t u d y .  
Conclus ions  
e The h e a t  p i p e  o r  vapor  chamber o f f e r s  a  means a f  s i g n i t i c a n t l y  
r e d u c i n g  t h e  t h e r m a l  g r a d i e n t s  i n  a n  o r b i t i n g  t e l e s c o p e .  
LTery s m a l l  t e m p e r a t u r e  g r a d i e n t s  can  be ach ieved  i n  t h e  pr imary 
o p t i c s  th rough  t h e  use  of h e a t  p i p e s  o r  vapor  chambers on 
a  s m a l l  p o r t i o n  o f  t h e  t e l e s c o p e  t u b e  a d j a c e n t  t o  t h e  o p t i c s .  
e C i r c u l a r  h e a t  p i p e s  l o c a t e d  around t h e  c i rcumference  o f  t h e  
t e l e s c o p e  t u b e  o f f e r  t h e  most p r a c t i c a l  approach f o r  thermal  
c o n t r o l  o f  t h e  t e l e s c o p e .  
o The h e a t  l o a d s  i n  c o n j u n c t i o n  w i t h  l a r g e  wick l e n g t h s  r e q u i r e d  
f o r  c i r c u l a r  h e a t  p i p e s  r e q u i r e  h i g h l y  e f f e c t i v e  wicks f o r  
r e a s o n a b l e  h e a t  p i p e  d i a m e t e r s .  
e A l l  working f l u i d s  cons ide red  f o r  a p p l i c a t i o n  i n  t h e  low 
t e m p e r a t u r e  r a n g e  (*-112°~)  o f f e r  s i g n i f i c a n t l y  lower 
performance t h a n  t h e  more common working f l u i d s  such  a s  wa te r  
o r  ammonia. 
e An a v e r a g e  m i r r o r  t e m p e r a t u r e  of - 1 1 2 ° ~  w i l l  r e q u i r e  a  h e a t  
p i p e  t e m p e r a t u r e  w e l l  below - 1 1 2 ' ~ .  
Recommendations 
e Telescope d e s i g n ,  o p e r a t i n g  c o n d i t i o n s ,  and t h e r m a l  c o n s t r a i n t s  
shou ld  be s u f f i c i e n t l y  d e f i n e d  t o  a l l o w  a  more d e t a i l e d  a n a l y s i s .  
More d e t a i l e d  s t u d e i s  shou ld  i n c l u d e  t h e  development o f  a  ma themat ica l  
model t o  l i n k  t h e  b a s i c  h e a t  p i p e  t h e o r y  w i t h  a n  a c c u r a t e  t h e r m a l  
model o f  t h e  t e l e s c o p e  system. 
e A d d i t i o n a l  r e s e a r c h  shou ld  be  d i r e c t e d  toward deve lop ing  
more e f f i c i e n t  wicking d e s i g n s  f o r  t h e  low t e m p e r a t u r e  a p p l i c a t i o n s  
d i s c u s s e d  h e r e i n .  
s Development e f f o r t s  shou ld  be  d i r e c t e d  toward f u r t h e r  i d e n t i f y i n g  
h e a t  p i p e  performance c h a r a c t e r i s t i c s  u s i n g  f l u i d s ,  wicks and 
c o n f i g u r a t i o n s  t h a t  a r e  s u i t a b l e  f o r  low t e m p e r a t u r e  a p p l i c a t i o n s .  
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CHAPTER 17 - NON-SPACE EXPERIMENTS 
There  i s  a  c o n s i d e r a b l e  amount o f  non-space exper imenta l  work which i s  
i n v a l u a b l e  p r i o r  t o  f i n a l  d e s i g n  and f a b r i c a t i o n  o f  a  l a r g e  t e l e s c o p e  f o r  
space  usage .  Th is  i s  t h e  d e s i g n  development and breadboard t e s t i n g  which 
n e c e s s a r i l y  precedes  t h e  f i n a l  d e t a i l  d e s i g n  f o r  t h e  t e l e s c o p e .  Some of t h e  
work i s  a l r e a d y  underway i n  e x i s t i n g  s u p p o r t i n g  r e s e a r c h  and technology 
programs. Th is  s e c t i o n  is concerned w i t h  new exper imenta l  programs n e c e s s a r y  
b e f o r e  t h e  LTEP can  p r o g r e s s  t o  t h e  f i n a l  d e s i g n  and f a b r i c a t i o n  s t a g e s .  
S p e c i f i c a l l y ,  t h e  programs which can be c a r r i e d  o u t  .on t h e  ground a r e :  
The f a b r i c a t i o n  and t e s t i n g  of a  f u l l - s c a l e  two-meter a c t i v e  o p t i c s  
pr imary m i r r o r ,  and t h e  a d a p t i o n  o f  t h e  f i g u r e  s e n s o r  t o  p r o v i d e  
au tomat ic  o p t i c a l  a l ignment  c a p a b i l i t y  f o r  a  t e l e s c o p e  system.  
@ F a b r i c a t i o n  and t e s t i n g  of t h e  image mover o p t i c a l  and mechanical  
components i n  o r d e r  t o  de te rmine  a c t u a l  performance d a t a .  
@ An e x t e n s i o n  of t h e  t h e o r e t i c a l  and exper imenta l  thermal  vacuum 
t e s t i n g  and measurements o f  l a r g e  pr imary m i r r o r  deformat ions  i n  
t h e  f a c e  o f  the rmal  g r a d i e n t s .  Th i s  work shou ld  be extended t o  
i n c l u d e  l a r g e  s i l i c o n  and b e r y l l i u m  m i r r o r s .  R e a l i s t i c  s i m u l a t i o n s  
o f  space  t e l e s c o p e  the rmal  p r o f i l e s  and t empera tu res  shou ld  be 
a t t e m p t e d .  
@ Opera t ion  o f  t h e  Free  F l o a t  p o i n t i n g  exper iment  i n  a  vacuum chamber 
w i t h  a  r e a l i s t i c a l l y  s i m u l a t e d  o p t i c a l  e r r o r  s e n s o r  working i n  
c o n j u n c t i o n  w i t h  a  12 th-magnitude s imula ted  s t a r .  The o b j e c t i v e  
i s  t o  demons t ra te  F r e e  F l o a t  p o i n t i n g  t o  an  accuracy of 0 .01 
arc-second o r  b e t t e r .  
@ Space q u a l i f i c a t i o n  of a  compact He-Ne l a s e r  sys tem and p e r i s t a l t i c  
a c t u a t o r  f o r  t h e  f i g u r e  s e n s o r  package, which i s  needed t o  c o n t r o l  
a c t i v e l y  t h e  pr imary m i r r o r  f i g u r e  and secondary m i r r o r  a l ignment .  
@ C o n s t r u c t i o n  of a  smal l  (I-m) ground-based astronomy t e l e s c o p e  
u t i l i z i n g  a c t i v e  o p t i c s  t echn iques  i n  o r d e r  t o  o b t a i n  o p e r a t i n g  
e x p e r i e n c e  among t h e  as t ronomers .  
A d d i t i o n a l  development and t e s t i n g  of h i g h - r e f l e c t a n c e  u l t r a v i o l e t  
d i e l e c t r i c  f i l m  c o a t i n g s ,  s i n c e  t h e s e  c o a t i n g s  o  f f e r  t h e  p o s s i b i l i t y  
of more t h a n  doubl ing  t h e  photon t r a n s m i s s i o n  o f  t h e  t e l e s c o p e  i n  
t h e  vacuum u l t r a v i o l e t .  
e Development of s i g n a l  p r o c e s s i n g  t echn iques  t o  ex tend  t h e  f a i n t  
l i m i t  of t h e  t e l e s c o p e ,  These t echn iques  i n c l u d e  p u l s e - h e i g h t  
d i s c r i m i n a t i o n  t echn iques  t o  enhance p h o t o d e t e c t o r  s i g n a l  t o  n o i s e ,  
development of photometers w i t h  much s m a l l e r  photocathodes  t o  r e s t r i c t  
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dark  c u r r e n t ,  development of i n s t r u m e n t a l  t e c h n i q u e s  Tor r e d u c i n g  
sky background, Each of  t h e s e  r e q u i r e s  s t u d y  p r i o r  t o  breadboard jng, 
but  t h e  p o t e n t i a l  pay-of1 i s  e q u i v a l e n t  t o  d o u b l i n g  t h e  s i z e  of  thct 
t e l e s c o p e  a p e r t u r e .  
4 Development o r  u l t r a v i o l e t  Films f o r  reduced s u s c e p t i b i l i t y  t o  e n e r -  
g e t i c  r a d i a t i o n  and consequent  r e d u c t i o n  i n  t h e  weight  o f  s h i e l d i n g .  
( S h i e l d i n g  i n  t h e  p r e s e n t  ATM weighs 7000 l b ,  more t h a n  t h e  weight  
o r  t h e  ATM exper iment  c a n i s t e r .  It should  be p o s s i b l e  t o  r educe  
t h i s  s h i e l d i n g  we igh t  s u b s t a n t i a l l y  by f i l m  c o n d i t i o n i n g  a n d / o r  
i n - o r b i t  p r o c e s s i n g )  . 
e Development of g r a t i n g  technology t o  p e r m i t  t h e  r u l i n g  of r o c u s i n g  
g r a t i n g s  w i t h  a  un i fo rmly  v a r y i n g  b l a z e  a n g l e .  T h i s  w i l l  p e r m i t  marked 
i n c r e a s e s  i n  t h e  o p t i c a l  e f f i c i e n c y  of low-f-number-focusing g r a t i n g s  
and a g a i n  i s  e q u i v a l e n t  t o  i n c r e a s i n g  t e l e s c o p e  a p e r t u r e ,  
a A program of  l a b o r a t o r y  a s t r o p h y s i c s  t o  a c h i e v e  a n  e x t e n s i v e  l i b r a r y  
of  vacuum u l t r a v i o l e t  s p e c t r a .  T h i s  i s  needed t o  i d e n t i f y  and c o r r e l a t e  
s p e c t r a l  d a t a  o b t a i n e d  by t h e  t e l e s c o p e .  
s Development of  i n f r a r e d  d e t e c t o r s  t o  t a k e  advan tage  of space  astronomy 
(See  Chapter  3 on Astronomical  U t i l i z a t i o n ) .  
e F u r t h e r  development of image t u b e s  t o  improve r e s o l u t i o n ,  dynamic 
range,  and s p e c t r a l  r ange .  
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Some o f  t h e  most c r i t i c a l  problems invo lved  i n  d e v e l o p i n g  t h e  t echno logy  f o r  a  
l a r g e  d i f f r a c t i o n - l i m i t e d  o r b i t i n g  t e l e s c o p e  have been s o l v e d  i n  p r i n c i p l e .  
S p e c i f i c a l l y ,  a n  approach t o  s o l v i n g  t h e  problem of m a i n t a i n i n g  t h e  f i g u r e  of  
a  two-meter o r  l a r g e r  t e l e s c o p e  i s  provided by t h e  Ac t ive  O p t i c s  Techniques ,  
whereby, d i f f r a c t i o n - l i m i t e d  o p e r a t i o n  has been o b t a i n e d  i n  l a b o r a t o r y  exper iments  
f o r  m i r r o r  s i z e s  up t o  30 i n c h e s  i n  d i a m e t e r .  It i s  now a p p r o p r i a t e  t o  e x t e n d  
t h e  l a b o r a t o r y  work t o  i n c l u d e  bo th  t h e  c o n t r o l  of a  two-meter pr imary m i r r o r  and 
t o  t h e  c o n t r o l  o f  t h e  secondary  m i r r o r  a l ignment  i n  two d i r e c t i o n s  o r t h o g o n a l  t o  
t h e  o p t i c a l  a x i s  and i n  two a n g l e s  around t h e s e  axe's. 
The key components t h a t  a r e  t o  be f a b r i c a t e d  and t e s t e d  f o r  t h i s  l a b o r a t o r y  work 
a r e  : 
o A p r imary  m i r r o r  of f u l l  two-meter a p e r t u r e  f i g u r e d  t o  t h e  
r e q u i r e d  h y p e r b o l o i d a l  s u r f a c e  f i g u r e  w i t h  e r r o r s  l e s s  t h a n  
1/50 nns .  Th i s  type  of a s p h e r i c  s u r f a c e  i s  r e q u i r e d  f o r  one 
of  t h e  b e s t  t e l e s c o p e  d e s i g n s  a v a i l a b l e  today,  namely, t h e  
R i t c h e y  C h r e t i e n .  
A s y s t e m  f o r  a c t i v e  c o n t r o l  of  t h e  m i r r o r  u s i n g  i n t e r f e r o m e t r i c  
f i g u r e  s e n s i n g  t o  a c h i e v e  a n  o v e r a l l  p r imary  m i r r o r  f i g u r e  of  
h/50  r m s .  
o An a c t i v e  t e l e s c o p e  a l ignment  sys tem t h a t  a u t o m a t i c a l l y  a l i g n s  
t h e  p r imary  and secondary  m i r r o r s  i n  p o s i t i o n  and a n g l e .  
F a b r i c a t i o n  'and O p t i c a l  Tes t i n 8  
The pr imary m i r r o r  r e q u i r e s  advanced f a b r i c a t i o n  t echn iques  f o r  t h e  l a r g e  a c t i v e  
o p t i c s  m i r r o r .  O f f - a x i s  p r e c i s i o n  o p t i c a l  e l ements  a r e  u s u a l l y  f a b r i c a t e d  by 
f i r s t  c u t t i n g  them from a  c i r c u l a r  p a r e n t  b lank  and t h e n  r e - b l o c k i n g  them i n  t h e  
p a r e n t  b l a n k  s o  t h a t  f a b r i c a t i o n  can proceed e f f e c t i v e l y  on a  r o t a t i o n a l l y  
symmetric p i e c e .  Such a  procedure  economica l ly  l i m i t s  t h e  p r a c t i c a l  s i z e  o f  
o f f - a x i s  o p t i c s  t h a t  can  be produced.  Where l a r g e r  o f f - a x i s  o p t i c s  a r e  r e q u i r e d ,  
t h e  on ly  a l t e r n a t i v e  i s  t o  f a b r i c a t e  t h e  r e q u i r e d  s u r f a c e s  d i r e c t l y .  
T r a d i t i o n a l l y ,  l a r g e  p r imary  m i r r o r s  have been f a b r i c a t e d  by conven t iona l ,  o r  
c l a s s i c a l ,  p r o c e s s e s  t h a t  r e l y  h e a v i l y  on t h e  s k i l l s  of t h e  o p t i c i a n ,  augmented 
by c a r e f u l l y  e x e c u t e d  t e s t  methods. Newly developed t e c h n o l o g i e s  a r e  emerging 
which w i l l  s u b s t i t u t e  f o r  s k i l l s  t h a t  appear  t o  be o b s o l e t e .  These r e c e n t  
t e c h n o l o g i e s  have come about  th rough  s e v e r a l  y e a r s  of  d i r e c t l y  a p p l i c a b l e  develop-  
ment based on t h e  e a r l y  r e c o g n i t i o n  t h a t  Perkin-Elmer would be r e q u i r e d  t o  
f a b r i c a t e  m i r r o r s  o f  t h i s  complexi ty  and a c c u r a c y .  
O p t i c a l  measurement i s  g e n e r a l l y  acknowledged t o  be one of t h e  major t a s k s  d u r i n g  
t h e  f i g u r i n g  of a  p r e c i s i o n  l a r g e - a p e r t u r e  p r imary .  Th i s  is l a r g e l y  due t o  t h e  
e f f o r t  r e q u i r e d  i n  d a t a  a c q u i s i t i o n ,  r e d u c t i o n ,  and i n t e r p r e t a t i o n ,  and i n  t h e  
subsequen t  d e t e r m i n a t i o n  of t h e  c o r r e c t i v e  a c t i o n  r e q u i r e d  t o  produce t h e  d e s i r e d  
s u r f a c e .  The l e v e l  of e f f o r t  f o r  t e s t i n g  i n c r e a s e s  a s  bo th  t h e  p r e c i s i o n  and t h e  
a s p h e r i c i t y  of  t h e  o p t i c  be ing  f a b r i c a t e d  i n c r e a s e .  
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Two s e p a r a t e  approaches a r e  a v a i l a b l e  f o r  measuring the  o p t i c a l  f i g u r e  of 
t h e  mi r ro r .  Both a r e  i n t e r f e r o m e t r i c  and have the  r e q u i s i t e  i n t r i n s i c  accu rac i e s  
t o  meeeure eur fece  contours  of t he  q u a l i t y  d e s i r e d ,  The f i r s t  i s  based on 
c e n t e r  of cu rva tu re  i n t e r f e r o m e t r i c  t e s t i n g ,  e i t h e r  w i th  o r  without a  n u l l  
lane, wi th  i n t e r f e r e n c a  being obtained aga ins t  a  r e f e rence  s p h e r i c a l  wave- 
f r o n t .  The second i s  an approach t h a t  uses holographic i n t e r f e rome t ry  f o r  
in-process  measurement of the  o f f - ax i s  segments. The s t r e n g t h  of hologram 
in t e r f e rome t ry  i s  t h a t  t he  burden of d a t a  reduct ion  can be reduced s i g n i f i c a n t l y  
becausp t h e  p re sen ta t ion  of su r f ace  e r r o r e  i s  i n  such a  form t h a t  t he  o p t i c i a n  
can e a s i l y  a s se s s  h i s  own progress  and d i r e c t l y  determine the  course of requi red  
c o r r e c t i v e  a c t i o n .  
F igure  327 shows the  a n t i c i p a t e d  t e s t i n g  conf igura t ion .  A po in t  s w r c e  i s  
loca ted  beyond t h e  prime focus of the  mirror  s o  t h a t  a  convergent beam is 
produced by t h e  mi r ro r .  A photographic p l a t e  i s  mounted t o  i n t e r c e p t  tho  
beam a t  a  po in t  where i t  i s  reasonably smal l .  A second beam, t h e  r e f e rence  
beam, from the  sanaa lasler source a l s o  f a l l s  upon t h e  photographic p l a t e .  
Tho i n t e r f e r a n c e  produced between t h e  two beams f a l l i n g  upon the  photographic 
p l a t e  produces a  hologram. I n  t h i s  manner a  master hologram w i l l  be generated 
us ing  the  s e c t i o n  of t h e  aspher ic  mir ror  t h a t  has been f in i shed  and whose q u a l i t y  
has been v e r i f i e d  by s c a t t e r p l a t e  o r  o the r  t e s t i n g  techniques.  Once the  
master hologram has been generated, t h e  f i n i shed  mir ror  s e c t i o n  w i l l  not  be 
needed dur ing  the  t e s t i n g  of t he  o the r  mir ror  s ec t ions  except  f o r  occas iona l  
v e r i f i c a t i o n  of the  alignment of t h e  in t e r f e rome te r .  The hologram i n  con- 
junc t ion  wi th  the  r e f e rence  beam w i l l  r e cons t ruc t  a  wavefront i d e n t i c a l  t o  
t he  wavefront produced by the  f in i shed  a sphe r i c  s e c t i o n .  A d i f f e r e n t  o f f -  
axia  mi r ro r  s e c t i o n  i s  then  placed i n  t h e  in te r fe romater  and, when the  wave- 
f r o n t  from t h i s  mir ror  i s  superimposed upon the  r econr t ruc t ed  wavefront of 
the  f in i shed  sec t ion ,  i n t e r f e r e n c e  f r i n g e s  w i l l  be produced t h a t  w i l l  be 
i n d i c a t i v e  of t h e  d i f f e r e n c e  between the  two wavefronts.  F igure  328 ah& 329 
show i n t e r f ~ r o g r a m s  produced i n  such an  in t e r f e rome te r ,  The only s i g n i f i c a n t  
d i f f e r e n c e  between t h e  se tup  t h a t  producedtheseinterferograms and the  pro- 
posed in te r fe rometer  i s  s i z e .  The o f f - ax i s  parabola used f o r  these  i n t e r -  
ferograms had approximately a  4-inch a p e r t u r e .  I n  Figure 328 t h e  hologram- 
r econs t ruc t ed  wavefront and the  l i n e  wavefront a r e  i d e n t i c a l .  S t r a i g h t  f r i n g e s  
have been introduced, t o  a i d  i n  i n t e r p r e t a t i o n  of t h e  interferogram, by a  
shear ing  movement of the hologram. F igure  329 shows a parabola t h a t  has a  
zonal e r r o r  of approximately 1 1 2 ~ .  
The previous ly  a n t i c i p a t e d  problem a reas  f o r  the  implementation of hologram 
in te r fe rometry  a r e  a s  follows : 
@ Accurate replacement of hologram a f t e r  processing 
@ Proper pos i t i on ing  of t e s t  piece 
I n t e r p r a t a t  ion of i n t e r f e r o g r m s  
@ Limi ta t ions  of photographic emulsion 
@ Mstrology of s e t t i n g  up the  i n t e r f a r o m t e r .  
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Figure 328, . Hologram Interferometer Testing 
Figure 3 2 g 0  Hologram Interferometer Testing 
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A l l  of  t h e s e  a r e a s  have been i n v e s t i g a t e d  d u r i n g  t h e  c o u r s e  of  o t h e r  work and 
t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  a s p h e r i c  segments can  be t e s t e d  t o  t h e  f i g u r e  
o f  t h e  f i n i s h e d  segment t o  a n  accuracy  of approx imate ly  h / 3 0 .  
Hologram i n t e r f e r o m e t r y  has  t h e  advan tage  o f  producing i n t e r f e r o g r a m s  w i t h  
r e l a t i v e l y  few f r i n g e s  and of low complex i ty .  It i s  expec ted  t h a t  d i r e c t  
i n t e r p r e t a t i o n  of t h e  i n t e r f e r o g r a m  w i l l  be p o s s i b l e  and w i l l  a l l o w  a  s h o r t  
r e s p o n s e  t ime between t e s t i n g  and p o l i s h i n g .  During t h e  f i n a l  p o l i s h i n g  
s t a g e s ,  when h igher  p r e c i s i o n  is r e q u i r e d ,  i t  may be d e s i r a b l e  t o  u s e  computer 
i n t e r p r e t a t i o n .  
A c t i v e  P o s i t i o n i n g  o f  M i r r o r  Segments 
1. The Modified Twyman-Green Phase-Measuring I n t e r f e r o m e t e r  
One goa l  of  t h e  f i g u r e  s e n s o r  is  t o  measure p r imary  m i r r o r  s u r f a c e  f i g u r e  
e r r o r  and p rov ide  a  r e a l - t i m e  o u t p u t .  The modi f i ed  Twyman-Green phase- 
measur ing i n t e r f e r o m e t e r  is  a  proven means of accompl i sh ing  t h i s  g o a l .  It 
is  a  two-beam i n t e r f e r o m e t e r  c a p a b l e  o f  measur ing b o t h  s p h e r i c a l  and a s p h e r i c a l  
s u r f a c e s .  (See  F i g u r e  339 . 
F r i n g e  Refe rence  
I I 
lg 
I 
I Lens 
I I 
Beamspl i t t e  I \= R 0  ) D e c o l l i m a t i r -  
P l a n e  Wavefro 
Refe rence  S p h e r i c a l  Mirror  Wave f r o n t  
S p h e r i c a l  Mirror  
F i g u r e  3 3 0 .  Modif ied  Twyman-Green Phase-Measuring I n t e r f e r o m e t e r ,  
O p t i c a l  Schematic 
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A plane coherent  wavefront e n t e r s  a  beamsp l i t t e r  and forms two e x c i t i n g  f r o n t s  
o r  i n t e r f e rome te r  beams. One beam of t he  in t e r f e rome te r ,  t h e  r e f e rence  arm, 
i s  r e f l e c t e d  from a  p lane  re ference  r e f l e c t o r ;  t he  second beam, the  t e s t  arm, 
i s  converted by a  l ens  i n t o  a  d iverg ing  s p h e r i c a l  wavefront .  The f i g u r e  sensor  
i s  so  located t h a t  t h e  d iverg ing  wavefront i s  concen t r i c  about t h e  c e n t e r  of 
cu rva tu re  of t he  primary mirror  under t e s t .  I f  t h e  primary mir ror  has a  s p h e r i c a l  
su r f ace  and i s  a l i gned  s o  t h a t  i t s  c e n t e r  of cu rva tu re  (C)  i s  loca ted  a t  t h e  
c e n t e r  of divergence of t h e  wavefront,  t h e  l i g h t  w i l l  be r e f l e c t e d  back e x a c t l y  
upon i t s  i nc iden t  p a t h .  It w i l l  then  pass back through the  lens  and aga in  be- 
come a  plane wavefront .  Thus, f o r  a  p e r f e c t  s p h e r i c a l  mir ror ,  i n t e r f e r e n c e  takes  
place a t  t he  beamsp l i t t e r  between two coplanar  wavefronts .  When t h e r e  a r e  su r f ace  
i r r e g u l a r i t i e s  on t h e  mi r ro r  under t e s t ,  o r  when i t  i s  misal igned,  t h e  r e t u r n  
wavefront w i l l  not be p e r f e c t l y  s p h e r i c a l  and, hence, w i l l  not  be coplanar  wi th  
the  r e f e rence  beam a t  t h e  poin t  of i n t e r f e r e n c e .  This r e s u l t s  i n  f r i n g e  p a t t e r n s .  
The advanced f i g u r e  sensor  proposed f o r  t he  Active Opt ics  Telescope system employs 
a  s l i g h t  mod i f i ca t ion  of t h i s  technique.  The decol l imat ing  lens  i s  rem2ved 
from t h e  in t e r f e rome te r  t e s t  arm and placed between t h e  l a s e r  and beamsp l i t t e r  
a s  shown i n  F igure  331. This  reduces e r r o r s  r e s u l t i n g  from the  o p t i c a l  a b e r r a t i o n s  
and f i g u r e  e r r o r s  due t o  t he  decol l imat ing  l ens ,  s i n c e  t h e  decol l imat ing  lens  
i s  no longer  i n  one i n t e r f  erence beam pa th .  
F igure  33lshows a c t u a l  photographs of d i f f e r e n t  types of f r i n g e  pa t t e rns  obtained 
wi th  t h i s  type  of f i g u r e  s enso r .  For l a rge  t i l t  misalignment, t h e  i n t e r f e r e n c e  
wavefronts a r e  plane but  no t  p a r a l l e l ,  producing a  f r i n g e  p a t t e r n  c o n s i s t i n g  of 
s t r a i g h t  l i n e s .  For l a rge  a x i a l  misalignment, i n t e r f e r e n c e  takes  p lace  between 
a  plane wavefront and a  s l i g h t l y  s p h e r i c a l  wavefront,  producing a  c i r c u l a r  f r i n g e  
p a t t e r n .  Small l oca l i zed  f i g u r e  e r r o r s  produce loca l i zed  phase s h i f t s  i n  t h e  
f r i n g e  p a t t e r n .  
I f  t hese  f r i n g e  p a t t e r n s  were t o  be converted e l e c t r o n i c a l l y  i n t o  analog outputs  
r ep re sen t ing  su r f ace  f i g u r e  e r r o r s ,  any type of photodetector  would have t o  r e l y  
on measuring t h e  v a r i a t i o n  i n  f r i n g e  i n t e n s i t y .  This  i s  a  d i f f i c u l t  measurement 
t o  malce accu ra t e ly  and r e l i a b l y ,  p a r t i c u l a r l y  when t h e  r e f l e c t i v i t y  of t h e  mir ror  
va r i e s  over i t s  s u r f a c e .  
To avoid t h i s  problem, t h e  phase-measuring technique i s  used. The phase-measuring 
in t e r f e rome te r ,  i d e n t i c a l  i n  o p t i c a l  con f igu ra t ion  t o  t h e  modified Twyman-Green, 
analyzes t h e  f r i n g e  p a t t e r n  e l e c t r o n i c a l l y  t o  permit rea l - t ime e r r o r  s ens ing .  
Figure 332 i s a  schematic of a  s imp l i f i ed  ve r s ion  of t he  in t e r f e rome te r ,  w i th  
coherent i l l umina t ion  and wi th  plane r e f l e c t i n g  su r f aces  i n  each i n t e r f e r e n c e  
beam pa th .  I f  both r e f l e c t o r s  a r e  p e r f e c t l y  plane and p a r a l l e l  t o  t h e  wavefront,  
i n t e r f e r e n c e  w i l l  occur between two plane p a r a l l e l  wavefronts and produce a  
f r i n g e  p a t t e r n  having uniform i n t e n s i t y  over i t s  e n t i r e t y .  I f  t h e  re ference  
r e f l e c t o r  i s  t r a n s l a t e d  a t  cons tan t  ve loc i ty  along t h e  o p t i c a l  a x i s  normal t o  
t h e  wavefront, t he  f r i n g e  p a t t e r n  i n t e n s i t y  w i l l  vary through maximum and minimum 
l e v e l s  i n  a  s i n u s o i d a l  f a sh ion  with i d e n t i c a l  phase over t h e  e n t i r e  p a t t e r n .  
When two photodetec tors  a r e  placed i n  t h e  f r i n g e  plane,  one a t  a  p o s i t i o n  
a r b i t r a r i l y  s e l ec t ed  a s  a  re ference  and one a t  a  spot  corresponding t o  a  s p o t  
of unlcnown f i g u r e  on t h e  t e s t  sur face ,  they convert  t h e  cyc l ing  f r i n g e  p a t t e r n  
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i n t o  two cycling e lec t ron ic  voltages o r  c a r r i e r s .  I f  a  small port ion of the  
t e s t  surface i s  high i n  r e l a t i o n  t o  the  r e s t  of the surface,  there  w i l l  be a  
r e l a t i v e  phase s h i f t  of the  e lec t ron ic  s i gna l  generated from the f r inge  pa t t e rn  
corresponding t o  t ha t  point i n  the  t e s t  surface ,  Thus, an op t i c a l  f igure  e r ro r  
i s  converted t o  a  phase s h i f t  of an e lect ronic  s i gna l .  
I n  a  p r ac t i c a l  implementation of t h i s  concept, l i nea r  t r an s l a t i on  of the  reference 
arm i s  regarded a s  the  cause of a  continuously increasing phase s h i f t  i n  the  
reference beam path. Continuous increase i n  phase of a  c a r r i e r  i s  the same as  
a  f ixed change i n  frequency. Thus, an op t i c a l  frequency s h i f t e r  i s  used i n  the  
reference arm of the  phase-measuring interferometer.  The device t ha t  t r a n s l a t e s  
the  reference r e f l e c t o r  t o  modulate the  i n t ens i t y  a t  the  f r inge plane is  re fe r red  
t o  as  a  Doppler frequency s h i f t e r .  It i s  a  so l id - s ta te  mechanism t h a t  u t i l i z e s  
a  p iezoelect r ic  cylinder t o  generate l inear  motion. This mechanically rugged 
device has no moving pa r t s  and i s  dr iven with high-voltage t r iangular  waves 
t h a t  r e s u l t  i n  constant  veloci ty  sweeps of the  reference r e f l e c to r  forward and 
a f t .  
The phase-measurement approach has severa l  advantages: f i r s t ,  the  e r ro r  s igna l  
has sense, t h a t  is ,  the s ign of the f igure  e r r o r  can be recognized from the  s ign  
of the  phase e r r o r ;  second, an e lec t ron ic  phase s h i f t  can be read i ly  detected 
t o  an  accuracy of a  few degrees; and t h i rd ,  i t  i s  independent of amplitude. A 
surface departure from spher ica l  of 11200 wavelength produces 1/100 of a  f r inge ,  
which i n  t u rn  r e s u l t s  i n  a  3.6-degree e l e c t r i c a l  phase s h i f t .  An e l e c t r i c a l  phase 
s h i f t  of 3.0 degrees and l e s s  i s  wel l  wi thin  the s e n s i t i v i t y  of the  e lec t ron ic  
phase detector  s ta te-of- the-ar t .  
The t r a ce  i n  the  left-hand corner of Figure 332 i s  a  p lo t  of a  photo-sensor output, 
where the  high frequency noise i s  caused by photon discre teness  (photon no i se ) .  
The upper pa r t  of t h i s  same t r a ce  i s  the  same photosensor output a s  it appears 
when f i l t e r e d .  The phase detector  c i r c u i t  measures the  e l e c t r i c a l  phase d i f -  
ference between two points  being measured on the  t e s t  element and converts the  
di f ference i n t o  a  dc voltaga.  This dc voltage therefore  becomes a  d i r e c t  r ea l -  
time s igna l  output representing t e s t  mirror surface f igure  e r ro r s .  I n  t h e  upDer 
right-hand area of Figure 332 i s  a  p lo t  of the  phase detector  dc output volta-ge 
as  a  funct ion of the  r e l a t i v e  displacement between t a e  two points being sensed 
on the  mirror.  
Diode photodetectors a r e  su i t ab le  devices f o r  detect ing small and s ta t ionary  
port ions of the f r inge  pa t t e rn  and a r e  useful  fo r  deriving continuous mirror 
f igure  e r ro r s  f o r  the primary and secondary mirror ac tua to rs .  However, i f  the  
mirror surface f igure  i s  t o  be determined everywhere i n  f i ne  d e t a i l ,  a  very 
large number of de tec to rs  w i l l  be required.  Another disadvantage of diode 
photodetectors i s  t h a t  photodiode outpxt data  i s  ambiguous f o r  e r ro rs  exceeding 
one-quarter of a  wavelength and cannot be d i r e c t l y  used fo r  coarse alignment. 
These disadvantages can be eliminated by incorporating a  Vidissector camera 
(image d i s sec to r )  t o  examine f r inge plane da ta .  An image dissector;'f has high 
s p a t i a l  resolut ion and can observe up t o  700 points o r  more i n  the  f r inge  plane. 
* 
Vidicon cameras a r e  not su i t ab le  f o r  t h i s  appl ica t ion because they a r e  in tegra t ing  
detectors  and t he  f r inge  pat tern  i n t ens i t y  modulation (the c a r r i e r )  would be los t .  
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Image d i s s e c t o r s  can cont inuously scan po in t s  i n  success ion  o r  dwell  i n d e f i n i t e l y  
on a  s i n g l e  poin t .  The continuous scanning f e a t u r e  i s  a  u s e f u l  t o o l  f o r  automatic  
coarse alignment.  High frequency response and high s e n s i t i v i t y  a r e  a l s o  advantages 
of t h i s  device,  
The o p t i c a l  t o l e r ances  f o r  a  two-meter ~ i t c h e ~ - ~ h r g t i e n  t e l e scope  using an  f / 2  
primary a r e  l i s t e d  on Figure  333 and show t h a t  a c t i v e  c o n t r o l  of t hese  t e l e scope  
parameters i s  r equ i r ed .  As t h e  primary and secondary mir rors  a r e  c o n t r o l l e d  
w i t h  r e f e rence  t o  t h e  f i g u r e  sensor ,  i t  i s  poss ib l e  t o  t r a n s f e r  some of t he  de-  
grees  of freedom of t he  primary t o  t h e  f i g u r e  s e n s o r ,  Thus, t he  a x i a l  and 
l a t e r a l  t r a n s l a t i o n  and two degrees of t i l t  of t h e  primary mir ror  r e l a t i v e  t o  
t he  f i g u r e  sensor  a r e  most convenient ly managed by t i l t i n g  and t r a n s l a t i n g  t h e  
f i g u r e  sensor  wi th  r e spec t  t o  t h e  primary. 
Secondary Alignment 
The f r o n t  su r f ace  of t h e  secondary mir ror  cannot be used d i r e c t l y  f o r  alignment 
t o  t h e  phase measurement i n t e r f e rome te r  using t h e  present  f i g u r e  sensor  scheme. 
An alignment su r f ace  must t h e r e f o r e  be generated on t h e  back of t he  secondary 
mirror  t o  i n t e r c e p t  a  po r t ion  of t he  t e s t  wavefront from t h e  f i g u r e  s enso r .  
The problems of t h e  de te rmina t ion  of t h e  optimum f i g u r e  of t h i s  alignment su r f ace ,  
t h e  i n t e r f e r e n c e  technique f o r  sensing misalignment, and t h e  da t a  reduct ion  
technique f o r  producing alignment s i g n a l s  a r e  p re sen t ly  being i n v e s t i g a t e d  
and experimental ly  v e r i f i e d  a t  Perkin-Elmer under NASA c o n t r a c t .  The des ign  
employed t o  implement t he  proposed secondary c o n t r o l  system w i l l  draw on t h e  
r e s u l t s  of t h i s  program. Seve ra l  novel methods a r e  being cons idered .  A r e l a t i v e l y  
s t r a igh t fo rward  approach c o n s i s t s  of a n  almost parabol ic  secondary alignment 
su r f ace  t h a t  r e tu rns  t h e  wavefront from t h e  f i g u r e  sensor  back Lhrough t h e  
same n u l l  c o r r e c t o r  used t o  accommodate t h e  aspher ic  primary mir ror ,  such t h a t  
i t  r e t u r n s  t o  a  focus a t  t h e  f o c a l  point  of t h e  in t e r f e rome te r  decol l imat ing  
l ens  when the  secondary i s  a l igned  proper ly .  The image of t h e  secondary a t  
t he  output  of the  in t e r f e rome te r  i s  monitored t o  determine t h e  phase of t h e  
r e tu rn ing  wavefront from s e v e r a l  d i f f e r e n t  po in ts  of t h e  secondary alignment 
s u r f a c e .  Three po in t s  t h a t  do not l i e  on a  s t r a i g h t  l i n e  provide informat ion  
t o  determine t i l t  o r i e n t a t i o n  of t h e  secondary mir ror ,  another  po in t  provides 
informat ion  about a x i a l  t r a n s  l a t i o n ,  and two addi t iona  1 po in t s  can provide 
information about t h e  two degrees of l a t e r a l  t r a n s l a t i o n .  
Primary L a t e r a l  Alignment 
The techniques of alignment of t h e  primary mirror  i n  t i l t  and a x i a l  t r a n s l a t i o n  
have a l r eady  been developed i n  t he  previous Active Optics  programs. Because 
of t he  r e l a t i v e  s i z e s  of t he  primary mir ror  and the  f i g u r e  sensor  u n i t ,  i t  i s  
much more convenient t o  t i l t  t h e  f i g u r e  sensor  t han  t o  t r a n s l a t e  t he  primary 
mir ror  t o  c o r r e c t  f o r  l a t e r a l  mispos i t ion ing  of t h e  primary wi th  r e spec t  t o  t h e  
secondary mir ror .  For the  same reason, r e q u i s i t e  t i l t  and a x i a l  t r a n s l a t i o n  of 
t h e  primary mir ror ,  w i th  r e spec t  t o  t h e  f i g u r e  sensor ,  a r e  a l s o  co r r ec t ed  a t  t h e  
f i g u r e  s enso r .  This leaves only  segment a c t u a t i o n  t o  be accomplished a t  t he  
primary mir ror  s o  t h a t  t he  primary mir ror ,  wide f i e l d  c o r r e c t i o n  elements,  and 
f o c a l  plane ins t rumenta t ion  can be f ixed  t o  a  common frame wi th  a  minimum 
number of mechanical displacement devices .  
Primary 2.0 Meters Diameter 
S e c o d a r y  0.4 Meter Diameter 
F i g u r e  
F i ~ u r e  Sensor 
2  L a t e r a l  T r a n s l a t i o n - h / 6  
1 A x i a l  ~ r a n s  l a t i o n - h / 2  
2 R o t a t i o n - 2 . 4 ~ 1 0 ' ~ ~ a d .  
Secondary M i r r o r  
2  La t .  T r a n s l .  t 20p. 
1 A x i a l  T r a n s l .  t l p .  
2  R o t a t i o n -  5 x 1 0 ' ~  Rad . 
Primary M i r r o r  
R o t a t i o n  
14 (2  p e r  Segment) 
+- ~ / 5 0  
F i g u r e  3 3 3 .  B a s i c  O p t i c a l  Schematic 
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The p r imary  g o a l  of t h i s  exper iment  i s  t o  p rov ide  a  l a b o r a t o r y  d e m o n s t r a t i o n  
of  t h e  r e q u i r e d  0 .01  a rc - second  a n g u l a r  p o i n t i n g  accuracy  u s i n g  t h e  f r e e  f l o a t  
body p o i n t  guidance t echn ique .  T h i s  demons t ra t ion  i s  based upon p r e v i o u s  ex-  
p e r i m e n t a l  work which i n c l u d e d  t h e  development o f :  
1. A t e s t  s e t u p  t h a t  r e a l i s t i c a l l y  s imula ted  t h e  w e i g h t l e s s  e n v i r o n -  
ment i n  space  ( i n  3 of  t h e  6 d e g r e e s  of  freedom) f o r  a  mass r e p r e s e n t i n g  t h e  
t e l e s c o p e  exper iment  package;  
2. Magnet ic  pushers  f o r  c o n t r o l l i n g  t h e  f i n e  p o i n t i n g  of  t h e  t e l e s c o p e ;  
3 .  C a p a c i t i v e  s e n s o r s  f o r  d e t e c t i n g  e r r o r s  i n  t h e  d i sp lacement  of  t h e  
t e l e s c o p e  w i t h  r e s p e c t  t o  t h e  s p a c e c r a f t ;  
4. Chain l i n k  t r a n s f o r m e r s  f o r  supp ly ing  power t o  t h e  t e l e s c o p e  t h a t  
r e q u i r e  no w i r i n g ,  b rushes ,  o r  o t h e r  e l e c t r i c a l  o r  mechanical  c o n n e c t i o n s  t o  
e f f e c t  t h e  t r a n s f e r ;  
and r e s u l t e d  i n  a n  a n g u l a r  p o i n t i n g  accuracy  of 0 .15 t o  0 .30  a rc - second .  The 
s e t u p  and r e s u l t s  of  t h e  exper iment  a r e  d e s c r i b e d  b r i e f l y  below. 
The main goa l  of  t h e  completed exper iment  was t o  prove o u t  t h e  c o n t r o l  sys tems 
f o r  t h r e e  of t h e  p o s s i b l e  s i x  d e g r e e s  o f  freedom ( t h r e e  a n g u l a r  and t h r e e  
t r a n s l a t i o n a l )  c o n t r o l l e d  by t h e  p o i n t i n g  system. The yaw r o t a t i - o n a l  a x i s  and 
t h e  l o n g i t u d i n a l  and l a t e r a l  t r a n s l a t i o n a l  d e g r e e s  of freedom were s e l e c t e d  
f o r  t h e  t e s t .  The m a j o r i t y  of t e s t s  were focused  on t h e  a n g u l a r  a x i s  and t h e  
a s s o c i a t e d  c e n t e r i n g  c o n t r o l .  (Two d e g r e e s  of freedom - one a n g u l a r  and one 
t r a n s l a t i o n a l  - can b e  c o n t r o l l e d  w i t h  a  s i n g l e  s e t  of magnet ic  p u s h e r s . )  
Proving o u t  a  combinat ion of a n  a n g u l a r  and a s s o c i a t e d  c e n t e r i n g  a x i s  v e r i f i e s  
n e a r l y  a l l  of t h e  c r i t i c a l  p o i n t i n g  sys tem concep t s .  A f u l l  s c a l e ,  s i x - d e g r e e  
of  freedom t e s t  would b e  more complete  o n l y  i n  t h a t  an  e v a l u a t i o n  of t h e  e f f e c t s  
of a x i s - t o - a x i s  c r o s s - c o u p l i n g  would b e  p o s s i b l e  ( a l t h o u g h  t h e  d i f f i c u l t y  of  
t h e  t e s t  would be g r e a t l y  magnif ied)  . 
The prime concern  i n  d e v i s i n g  t h e  exper iment  c o n f i g u r a t i o n  was t o  deve lop  a  t e n t  
d e v i c e  t h a t  would r e a l i s t i c a l l y  s i m u l a t e  t h e  w e i g h t l e s s  c o n d i t i o n s  of  o u t e r  
s p a c e .  To accomplish  t h i s ,  a  means of suspens ion  had t o  be  developed i n  which 
u n c o n t r o l l a b l e  d i s t u r b a n c e  f o r c e s  and t o r q u e s  were an  o r d e r  of magnitude l e s s  
than  t h o s e  known t o  e x i s t  i n  t h e  s p a c e  environment .  The approach used was t o  
deve lop  a  f r i c t i o n l e s s  s u r f a c e  ( d e s c r i b i n g  a  p lane  e x a c t l y  a t  r i g h t  a n g l e s  t o  
t h e  g r a v i t y  v e c t o r )  on which a  mass r e p r e s e n t i n g  t h e  exper iment  package ( t e l e -  
scope) could  be  suppor ted .  It was concluded t h a  t h e  b e s t  t e c h n i q u e  f o r  gen- 
e r a t i n g  a  f r i c t i o n l e s s  s u r f a c e  was t o  suppor t '  t h e  s i m u l a t e d  exper iment  package 
on a cush ion  of  a i r  ( F i g u r e  334) .  The o n l y  f r i c t i o n  from such a  d e v i c e  i s  t h e  
s h e a r i n g  f o r c e  ( v i s c o u s  f o r c e )  between t h e  a i r  pads and t h e  t a b l e ,  b u t  f o r c e s  
of t h i s  n a t u r e  a r e  v e r y  smal l  and w e i g h t l e s s  c o n d i t i o n s  i n  one p lane  can be  c l o s e l y  
s i m u l a t e d .  
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S imula ted  Experiment Package (Te lescope)  
A i r  Cushions Upon Which 
Tab le  i s  Suppor ted 
F i g u r e  334. . A i r  Bear ing  Tab le  Concept 
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Having e s t a b l i s h e d  a n  environment f o r  t h e  s i m u l a t e d  exper iment  
package which i s  decoup led  fzom g r a v i t y  i n  one p l a n e ,  t h e  remainder  of t h e  
exper iment  was d i r e c t e d  towards  p r o v i n g  t h e  magne t i c  s u s p e n s i o n  concep t s .  
The f i r s t  g o a l  was t o  de te rmine  whether  o r  n o t  t h e  sys tem cou ld  b e  e a s i l y  
s t a b i l i z e d  and remote ly  c o n t r o l l e d .  It was a l s o  n e c e s s a r y  t o  d e t e r m i n e  whether 
t h e  magne t i c  p u s h e r s ,  c a p a c i t i v e  s e n s o r s  and c h a i n  l i n k  t r a n s f o r m e r s ,  developed 
d u r i n g  t h i s  program, cou ld  perform s i m u l t a n e o u s l y  and a c c e p t a b l y  w i t h o u t  
c r e a t i n g  unexpected d e t r i m e n t a l  e f f e c t s *  A performance e v a l u a t i o n  of t h e  sys tem 
was t h e r e f o r e  under taken  w i t h  t h e  major t e s t  e f f o r t  d i r e c t e d  a t :  
1. Determining a n g u l a r  and l i n e a r  d i sp lacement  e r r o r s  caused by pur-  
p o s e l y  a p p l i e d  t o r q u e  and f o r c e  d i s t u r b a n c e s  i n t e n d e d  t o  s i m u l a t e  t h o s e  ex- 
p e c t e d  i n  space .  
2. E v a l u a t i n g  t h e  magnitude and e f f e c t s  of  c r o s s - c o u p l i n g  between t h e  
a n g u l a r  yaw a x i s  and i t s  a s s o c i a t e d  c e n t e r i n g  c o n t r o l .  
3 .  A c q u i s i t i o n  performance i n  t h e  yaw and l a t e r a l  c e n t e r i n g  c o n t r o l .  
4 .  S e p a r a t e  e v a l u a t i o n  of t h e  s p e c i a l  components'  performance when 
used  i n  t h e  system. 
The we igh t  and mass of t h e  a i r  b e a r i n g  t a b l e  r e p r e s e n t i n g  t h e  exper iment  package 
were  l e s s  t h a n  t h a t  a n t i c i p a t e d  i n  t h e  a c t u a l  sys tem.  P a r t  of t h e  r e a s o n  f o r  
u s i n g  a  reduced v e r s i o n  o f  t h e  sys tem was t h e  a v a i l a b i l i t y  a t  Perkin-Elmer  of 
a  h o r i z o n t a l  vacuum o p t i c a l  t e s t  chamber. The t a b l e  was des igned  t o  f i t  i n t o  
t h i s  chamber f o r  f u t u r e  e v a l u a t i o n  work, p a r t i c u l a r l y  a  demons t ra t ion  o f  0 .01  
a rc - second  p o i n t i n g .  The d e c i s i o n  t o  r e d u c e  t h e  t a b l e  s i z e  was a l s o  i n f l u e n c e d  
by t h e  f a c t  t h a t  reduced mass a c t u a l l y  r e p r e s e n t s  "wors t -case"  c o n d i t i o n s  i n  
terms of s e r v o  performance i n  t h e  p resence  of n o i s e .  The smal l  t e s t  bed would 
respond more t o  n o i s e  and /o r  h igh- f requency  e l e c t r i c a l  and mechanical  t e s t - b e d  
d i s t u r b a n c e s  than  would a  sys tem w i t h  a  mass e q u a l  t o  t h a t  of  t h e  a c t u a l  t e l e -  
scope.  
Breadboard v e r s i o n s  of t h e  s p e c i a l  e l e c t r i c a l - m e c h a n i c a l  components r e q u i r e d  f o r  
t h i s  sys tem concept  were c o n s t r u c t e d  a s  p a r t  of t h i s  e f f o r t .  These i n c l u d e d  
t h e  magnet ic  "pushers"  which a r e  a t t a c h e d  t o  t h e  t e l e s c o p e  and s e t  up a  magnet ic  
f i e l d  which, when v a r i e d ,  e f f e c t i v e l y  "pushes" a g a i n s t  t h e  s p a c e c r a f t  t o  c o n t r o l  
f i n e  p o i n t i n g  of t h e  t e l e s c o p e .  Displacements  of t h e  t e l e s c o p e  w i t h  r e s p e c t  t o  
the  s p a c e c r a f t  a r e  d e t e c t e d  by c a p a c i t i v e  s e n s o r s  which were a l s o  b u i l t  f o r  t h i s  
t e s t  program. The power f o r  t h e s e  components i s  t r a n s f e r r e d  from t h e  s p a c e c r a f t  
by means of c h i n  l i n k  t r a n s f o r m e r s  t h a t  r e q u i r e  no w i r i n g ,  b r u s h e s ,  o r  o t h e r  
e l e c t r i c a l  o r  mechanical  connec t ions  t o  e f f e c t  the  t r a n s f e r .  
The p o i n t i n g  sys tem exper iment  can be c o n s i d e r e d  a s  f o u r  s e p a r a t e  b u t  f u n c t i o n -  
a l l y  complete  subsystems.  These sys tems a r e :  
Pneumatic S e l f - c e n t e r i n g  A i r  Pad System, 
Automat ic  L e v e l i n g  System, 
P o i n t i n g  and C e n t e r i n g  Servo Loops, 
S i g n a l  and Command Links .  
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The sys tem exper imenta l  s e t u p  i s  shown i n  F i g u r e  335 . The t e s t  r e s u i t s  
o b t a i n e d  from t h e  e x p e r i m e n t a l  p o i n t i n g  sys tem i t s e l f  a r e  summarized s e p a r a t e l y .  
The a i r  cush ion  was g e n e r a t e d  by a  pneumatic sys tem c o n s i s t i n g  of f o u r  a i r  pads 
l o c a t e d  benea th  8 - inch  d i a m e t e r  o p t i c a l  f l a t s  mounted t o  t h e  t a b l e .  The m i r r o r s  
were spaced  symmet r i ca l ly ,  1 and 2 f e e t  from c e n t e r ,  a t  t h e  c o r n e r s  of  t h e  
t a b l e .  The sys tem i s  shown s c h e m a t i c a l l y  i n  F i g u r e  336 . A i r  is f e d  i n t o  
t h e  base  o f  a  pad and f o r c e d  o u t  th rough  t h e  pad o r i f i c e s  i n t o  t h e  r e c e s s  
a r e a .  Before  l i f t o f f ,  t h a t  i s ,  b e f o r e  t h e  m i r r o r  b reaks  f r e e  of t h e  t o p  
s u r f a c e ,  p r e s s u r e  b u i l d  up i n  t h e  r e c e s s  chamber. When t h e  p r e s s u r e  r e a c h e s  
a  l e v e l  s u f f i c i e n t  t o  deve lop  a  f o r c e  capab le  of l i f t i n g  t h e  m i r r o r  and i t s  
a s s o c i a t e d  load,  t h e  t a b l e  r i s e s  t o  a  h e i g h t ,  a i r  c u s h i o n  t h i c k n e s s ,  o f  0 .0010 
i n c h .  The 0 .0010- inch f i l m  t h i c k n e s s  was a n  optimum d e s i g n  goa l  based on a  
t r a d e - o f f  between pad l i f t i n g  power and, perhaps  one o f  t h e  most impor tan t  
d e s i g n  c o n s i d e r a t i o n s ,  v i s c o u s  f r i c t i o n .  
The a i r  b e a r i n g  t a b l e  had t o  be l e v e l e d  o r  ma in ta ined  p e r p e n d i c u l a r  t o  t h e  
g r a v i t y  v e c t o r  t o  b e t t e r  t h a n  0 .005 a rc - second  i n  o r d e r  t o  e l i m i n a t e  b i a s  
c u r r e n t s  o r  f o r c e s  i n  the  magnet ic  pushers  d u r i n g  o p e r a t i o n .  For t h i s  r eason ,  
a  t a b l e - l e v e l i n g  sys tem was i n c o r p o r a t e d  t h a t  c o n s i s t e d  of a  f i n e  and c o a r s e  
mechanical  l e v e l i n g  a d j u s t m e n t s  and a n  u l t r a - f i n e  p i e z o e l e c t r i c  l e v e l i n g  
a d j u s t m e n t .  The r e s u l t s  o f  t h e  t e s t s  a r e  d e s c r i b e d  i n  Chapter  10 and r e p e a t e d  i n  
p a r t  h e r e .  The i n i t i a l  t e s t s  performed w i t h  t h e  e x p e r i m e n t a l  p o i n t i n g  sys tem 
were d i r e c t e d  a t  an examina t ion  of  e r r o r s  c r e a t e d  by d i s t u r b a n c e s  from t h e  
t e s t  s e t u p  i t s e l f .  P o s s i b l e  t e s t  bed d i s t u r b a n c e s  can a r i s e  from unknown 
v i b r a t i o n s  i n  t h e  a i r  b e a r i n g  t a b l e ,  e x c e s s i v e  b u i l d i n g  v i b r a t i o n s ,  room 
d i s t u r b a n c e s  from a i r  mass movements o r  l a r g e  t e m p e r a t u r e  v a r i a t i o n s ,  and 
i n t e r n a l  d i s t u r b a n c e s  from t h e  sys tem e l e c t r o n i c s ,  such  a s  power s u p p l y  
t r a n s i e n t s .  The t e s t s  invo lved  n o i s e  measurements i n  t h e  yaw and c e n t e r i n g  
a x e s .  Data was s p e c i f i c a l l y  o b t a i n e d  on a n g u l a r  n o i s e ,  l i n e a r  d i sp lacement  
n o i s e ,  and magnet ic  pusher  c o i l  c u r r e n t  v a r i a t i o n s  which a r e  a  d i r e c t  measure 
of f o r c e .  For t h e  f i r s t  t e s t ,  t h e  t a b l e  was ba lanced  and t h e  p o i n t i n g  sys tem 
p laced  i n  t h e  low g a i n  o r  normal o p e r a t i n g  mode; t h e  yaw a x i s  o r  p o i n t i n g  
e r r o r s  were then  recorded  over  a  p e r i o d  of 100 minutes  ( t y p i c a l  t ime f o r  one 
o r b i t ) .  An azimuth a l ignment  t h e o d o l i t e  was used t o  moni tor  yaw a x i s  motions 
independent  of  t h e  p o i n t i n g  sys tem c a p a c i t i v e  s e n s o r s .  T h i s  t h e o d o l i t e  i s  
a n  o p t i c a l  i n s t r u m e n t  c a p a b l e  of c o n s i s t e n t l y  measur ing a n g u l a r  d e v i a t i o n s  
a s  low a s  0.10 a rc - second  f o r  l o n g  p e r i o d s  - 24 hours  o r  more over  a  10-Hz 
bandwidth.  The i n s t r u m e n t  was p laced  o u t s i d e  t h e  room c o n t a i n i n g  t h e  t a b l e .  
T y p i c a l  c h a r t  r e c o r d i n g  samples from t h i s  t e s t  r u n  a r e  shown i n  F i g u r e  337 . 
The f i r s t  two t r a c e s  of F i g u r e  337 a r e  p o i n t i n g  e r r o r s  sampled a t  3730 
seconds and a g a i n  a t  6085 seconds  i n t o  t h e  t e s t  r u n .  The t h i r d  sample i s  a  
p l o t  of  e r r o r s  w i t h  t h e  e x p e r i m e n t a l  p o i n t i n g  sys tem and t h e  a i r  b e a r i n g  t a b l e  
t u r n e d  o f f .  Th i s  l a t e r  t r a c e  p rov ides  a  measure of t h e  i n h e r e n t  t h e o d o l i t e  
n o i s e ,  a tmospher ic  d i s t u r b a n c e s  and t h e  b u i l d i n g  v i b r a t i o n s  o c c u r r i n g  between 
t h e  a i r  b e a r i n g  t a b l e  and t h e  a l ignment  t h e o d o l i t e .  I n  some cases ,  such a s  
sample No. 1, t h e r e  i s  no d i s t i n g u i s h a b l e  d i f f e r e n c e  between t h e  n o i s e  measure- 
ments w i t h  t h e  p o i n t i n g  sys tem a c t i v e  o r  i n a c t i v e .  The w o r s t - c a s e  s h o r t - d u r a t i o n  
(15  second)  peak- to-peak a n g u l a r  e r r o r s  a r e  e q u i v a l e n t  t o  0.077 a rc - second  i n  
bo th  i n s t a n c e s .  However, r e f e r r i n g  t o  sample No. 2 and o t h e r  p o r t i o n s  of  t h e  
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3730 Seconds 
I n t o  Run 
Yaw Axis Poin t ing  Errors  
(Sample No. 1) 
Cal ibra t ion :  13 mm/Arc-Second 
1 mm/Sec 
6085 Seconds 
I n t o  Run 
Paw Axis Poin t ing  Errors  
(Sample No. 2) 
Ca l ib ra t ion :  13  mm/Arc-Second 
1 mm/Sec 
Yaw Axis Point ing Er ro r s  
6400 Seconds 
(Sample No. 3) 
(System Turned O f f )  Ca l ib ra t ion :  13 mm/Arc-Second 
Time sec 
Figure 337. .  Long Term S t a b i l i t y  and Vib ra t ion  
Yaw Axis Angular Er ror  Measurements 
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t e s t  r u n  n o t  shown, p o i n t i n g  sys tem e r r o r s  were d e t e c t a b l e  and n o i s e  e r r o r s  
0 .10  t o  0 .15  a r c - s e c o n d  (peak- to-peak)  were measured.  Again, t h e s e  l a t t e r  
measurements i n c l u d e d  p o i n t i n g  sys tem e r r o r  p l u s  tk t h e o d o l i t e  n o i s e ,  b u i l d -  
i n g  v i b r a t i o n s ,  and a l s o  power l i n e  v a r i a t i o n s .  The p o i n t i n g  sys tem was 
s e n s i t i v e  t o  random power supp ly  f l u c t u a t i o n s  a n d / o r  400-Hz l i n e  v a r i a t i o n s ,  
and t h e s e  e l e c t r i c a l  d i s t u r b a n c e s  c o n t r i b u t e d  t o  t h e  p o i n t i n g  e r r o r s .  In 
t h e  f i n a l  a n a l y s i s ,  f o r  e r r o r s  of 0 .15  a r c - s e c o n d  (peak- to -peak)  o r  l e s s ,  i t  
was d i f f i c u l t  t o  d e t e r m i n e  t h e  t r u e  yaw a x i s  p o i n t i n g  e r r o r s .  Never the less ,  
t h e  yaw a x i s  e x p e r i m e n t a l  g o a l s  i n  terms of  j i t t e r  were more than  s a t i s f i e d  
f o r  t h i s  phase of  t h e  program. P o i n t i n g  e r r o r s  of  1 t o  3 arc - seconds  (peak)  
were i n i t i a l l y  c o n s i d e r e d  t o  be a n  o p t i m i s t i c  d e s i g n  goa l  and performance 
beyond t h i s  g o a l  was l e f t  t o  f u t u r e  e x p e r i m e n t a l  programs. 
Long-term d r i f t  was n o t i c e a b l e ,  amounting t o  1 x a rc - seconds / second  
( t i m e )  o r  l e s s .  A comparison of samples No. 1 and No. 2  ( F i g u r e  337 ) 
c l e a r l y  i n d i c a t e s  t h e  d r i f t  r a t e .  The d r i f t  was a t t r i b u t e d  t o  t empera tu re  
v a r i a t i o n s ,  s i n c e  t h e  r a t e  of d r i f t  d e c r e a s e d  w i t h  a n  i n c r e a s e  i n  t h e  amount 
of  t ime  t h a t  t h e  room c o n t a i n i n g  t h e  a i r  b e a r i n g  t a b l e  was l e f t  u n d i s t r u b e d .  
The yaw-axis p o i n t i n g  s e r v o  loop  performance was e v a l u a t e d  i n  terms of 
a n g u l a r  p o i n t i n g  e r r o r s  f o r  known s i m u l a t e d  t o r q u e  d i s t u r b a n c e s .  The t o r q u e  
d i s t u r b a n c e s  were s i m u l a t e d  e l e c t r i c a l l y  by f e e d i n g  s i n u s o i d a l  v o l t a g e  i n t o  
t h e  d c  pusher  a m p l i f i e r s .  The a n g u l a r  e r r o r s  were measured w i t h  t h e  az imuth  
a l ignment  t h e o d o l i t e  and cross-checked u s i n g  t h e  c a p a c i t i v e  s e n s o r s .  Two 
l e v e l s  of  t o r q u e  were used - 0.0075 pound-foot (100,000 dyn -cm) and 0 .015 
pound-foot (200,000 dyn -cm) f o r  a  r a n g e  of  i n p u t  f r e q u e n c i e s .  The r e s u l t s  
of t h e s e  t e s t s  a r e  shown i n  F i g u r e  338. E r r o r s  were u n d e t e c t a b l e  a t  t h e  
nominal 20,000 dyn - cm, 2200-second p e r i o d  t o r q u e  d i s t u r b a n c e  l e v e l s ,  s i n c e  
t h e s e  o n l y  produce p o i n t i n g  e r r o r s  of 0 .001  arc-second,  which was beyond t h e  
c a p a b i l i t y  of  t h e  i n s t r u m e n t s  used i n  t h i s  phase of  t h e  exper iment .  
Cross -coup l ing  from t h e  x - a x i s  d i sp lacement  s e r v o  loop  i n t o  t h e  yaw-axis 
p o i n t i n g  loop  was measured by d i s t u r b i n g  t h e  d i sp lacement  a x i s  and r e c o r d i n g  
p o i n t i n g  e r r o r s .  Displacement d i s t u r b a n c e s  r a n g i n g  from 0.025 t o  0 .20  i n c h  
(peak)  a t  a  f r equency  of 0 . 0 2 1  r a d i a n l s e c o n d  were f e d  e l e c t r i c a l l y  i n t o  t h e  
x - a x i s  s e r v o .  The p o i n t i n g  e r r o r s  were measured w i t h  t h e  azimuth a l ignment  
t h e o d o l i t e  w i t h  r e s u l t s  a s  shown i n  F i g u r e  339. 
To improve c r o s s - c o u p l i n g  of t h e  c e n t e r i n g  s e r v o s  i n t o  t h e  a n g u l a r  p o i n t i n g  
se rvos ,  a n  independent  a n g u l a r  s e n s o r ,  such a s  a n  o p t i c a l  s e n s o r  must be 
used.  
The n e x t  s t e p  i s  a n  e f f o r t  d i r e c t e d  a t  a c h i e v i n g  t h e  0.010 a rc - second  (rms) 
p o i n t i n g  accuracy--  t h e  u l t i m a t e  goa l  of t h e  p o i n t i n g  sys tem.  Such a n  e f f o r t  
would i n v o l v e  a  p r o g r e s s i o n  of e f f o r t s  beg inn ing  w i t h  some r e f i n e m e n t s  o f  
t h e  e x i s t i n g  breadboard and f i n i s h i n g  w i t h  a  sys tem t h a t  i s  equipped w i t h  
a n  o p t i c a l  s e n s o r  c a p a b l e  of 0 .01  a rc - second  measur ing a c c u r a c y .  Suggested 
r e f i n e m e n t s  t o  t h e  e x i s t i n g  exper imenta l  sys tem i n c l u d e :  
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e Improved e l e c t r i c a l  power sys tem.  
e Improved c a p a c i t i v e  s e n s o r s  t o  minimize  f u r t h e r  t h e  e f f e c t s  of  
t e m p e r a t u r e  changes. 
e Improved d c  t o r q u e r  a m p l i f i e r s  t o  i n c r e a s e  t h e i r  e f f i c i e n c y .  
a Expanded d a t a  l i n k  f a c i l i t i e s .  
e Use o f  a  c o n t r o l l e d  env i ronmenta l  chamber such a s  a  vacuum 
chamber. 
e Improved v i b r a t i o n  i s o l a t i o n .  T h i s  would i n v o l v e  t h e  d e s i g n  
of  s p e c i a l  v i b r a t i o n  i s o l a t o r s ,  pe rhaps  w i t h  p r e c i s e  s e r v o  
c o n t r o l  o r  u t i l i z i n g  a n  a u x i l i a r y  a i r  s u s p e n s i o n  sys tem t o  
minimize b u i l d i n g  v i b r a t i o n s .  
a Improved a n g u l a r  measur ing  i n s t r u m e n t s ,  capab le  o f  a c c u r a c y  of 
0.01 a rc - second .  
e A comple te ly  a u t o m a t i c  l e v e l i n g  sys tem t h a t  would e l i m i n a t e  t h e  
manual f i n e - c o a r s e  mechan ica l  l e v e l i n g  a d j u s t m e n t s .  
e A means of s i m u l a t i n g  t h e  o u t e r  s p a c e c r a f t  mot ions  t o  v e r i f y  
f u r t h e r  t h e  i s o l a t i o n  concept .  An au tomat ic ,  r emote ly  c o n t r o l l e d  
subsystem t h a t  would p o s i t i o n  t h e  c a p a c i t i v e  s e n s o r s  and p u s h e r s  
would be  n e c e s s a r y .  
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I n  o r d e r  t o  demons t ra te  on t h e  ground t h e  r e q u i r e d  p o i n t i n g  a c c u r a c y  of  
0.010 a rc - second  ( rms) ,  i t  i s  n e c e s s a r y  t o  p rov ide  a  f l o a t i n g  p l a t f o r m  which 
i s  i s o l a t e d  from e x t e r n a l  d i s t u r b a n c e s .  P r e l i m i n a r y ,  y e t  r a t h e r  d e t a i l e d ,  
e x p e r i m e n t a l  r e s u l t s  i n  which a  f r e e  f l o a t i n g  p l a t f o r m  was developed a r e  r e -  
p o r t e d  i n  t h i s  s e c t i o n .  T h i s  exper iment  demonstra ted  p o i n t i n g  t o  0 .10 
arc-second and i n c l u d e d  recommendations f o r  r e f i n e m e n t s  of  t h e  sys tem i n  
o r d e r  t o  a c h i e v e  t h e  d e s i r e d  0.010 arc-second p o i n t i n g  a c c u r a c y .  The r e f i n e -  
ments i n c l u d e  improved i s o l a t i o n  from e x t e r n a l  d i s t u r b a n c e s ,  a n  o p t i c a l  s e n s o r  
c a p a b l e  of measur ing  0 .001 arc-second,  and t h e  i n c l u s i o n  of a  subsystem 
r e p r e s e n t i n g  t h e  s p a c e c r a f t .  
The improved i s o l a t i o n  must r educe  t h e  e x t e r n a l  d i s t u r b a n c e s  t o  a n  o r d e r  
o f  magnitude l e s s  t h a n  t h o s e  d i s t u r b a n c e s  expec ted  i n  space .  T h i s  i s  r e q u i r e d  
s o  t h a t  t h e  a n g u l a r  p o i n t i n g  e r r o r  may be measured i n  t h e  p resence  o f  known 
d i s t u r b a n c e s ,  r e p r e s e n t i n g  t h o s e  expec ted  i n  space ,  d e l i b e r a t e l y  i n t r o d u c e d  
through t h e  subsystem s i m u l a t i n g  t h e  s p a c e c r a f t .  I s o l a t i o n  from a l l  s o u r c e s  
of d i s t u r b a n c e  must be c o n s i d e r e d .  These  s o u r c e s  i n c l u d e :  
1. I n t e r n a l  V i b r a t i o n s  - c o n t r o l  of  t h e  v i b r a t i o n s  i n t r o d u c e d  by 
t h e  a i r  b e a r i n g s ,  t h e  a u t o m a t i c  l e v e l i n g  sys tem,  and o t h e r  
i n t e r n a l  systems must b e  provided.  
2 .  E x t e r n a l  V i b r a t i o n s  - c h i e f l y  b u i l d i n g  v i b r a t i o n s  
3 .  E l e c t r i c a l  n o i s e  i n  c o n t r o l  loops  
4 .  A i r  f l o w  
5.  Temperature g r a d i e n t s  
T h i s  r e q u i r e d  i s o l a t i o n ,  a l t h o u g h  n o t  comple te ly  s t r a i g h t  forward,  i s  
f e a s i b l e .  
I n  o r d e r  t o  demons t ra te  p o i n t i n g  e r r o r s  of  0 . 0 1  a rc - second ,  i t  i s  n e c e s s a r y  
t o  have a n  i n s t r u m e n t  c a p a b l e  o f  measur ing e r r o r s  l e s s  t h a n  t h a t .  T h i s  
i s  t o  e n s u r e  t h a t  t h e  r e s u l t s  a r e  no t  i n s t r u m e n t  l i m i t e d .  R e l a t i v e l y  s t r a i g h t -  
forward e x t e n s i o n s  of e x i s t i n g  a u t o - c o l l i m a t o r s  developed a t  Perkin-Elmer 
w i l l  b e  c a p a b l e  o f  measur ing a n g u l a r  e r r o r s  of 0 . 0 0 1  a rc - second .  T h i s  
r e q u i r e s  t h a t  t h e  o p t i c a l  s e n s o r  i s  c o n t a i n e d  w i t h i n  t h e  same d i s t u r b a n c e -  
i s o l a t e d  environment a s  t h e  f r e e  f l o a t i n g  p la t fo rm.  
P r o v i s i o n  f o r  s i m u l a t i o n  of t h e  s p a c e c r a f t  r e q u i r e s  t h e  c o n s t r u c t i o n  of 
a  framework s u r r o u n d i n g  t h e  f r e e  f l o a t i n g  p l a t f o r m .  T h i s  framework must be  
movable i n  a  c o n t r o l l e d  manner t o  s i m u l a t e  s p a c e c r a f t  mot ions .  
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The complete  sys tem w i l l  c o n s i s t  o f :  
1. A t a b l e  r e p r e s e n t i n g  t h e  t e l e s c o p e  package,  suspended on a  c u s h i o n  
o f  a i r  t o  g e n e r a t e  a  f r i c t i o n l e s s  s u r f a c e  i n  t h e  h o r i z o n t a l  
p l a n e .  Mounted on t h i s  t a b l e ,  i n  a d d i t i o n  t o  t h e  r e q u i r e d  
e l e c t r o n i c s ,  i s  a n  o p t i c a l  s e n s o r  t o  d e t e c t  t h e  a n g u l a r  p o s i t i o n  of 
t h e  s o u r c e  ( a t  which t h e  t e l e s c o p e  i s  p o i n t i n g )  and t o  p r o v i d e  t h e  
e r r o r  s i g n a l s  f o r  p o i n t i n g  a t  t h e  s o u r c e  t o  w i t h i n  0 .01  a rc - second ;  
2.  A frame s u r r o u n d i n g  t h e  s i m u l a t e d  t e l e s c o p e  package r e p r e s e n t i n g  t h e  
s p a c e c r a f t .  T h i s  frame i s  programmed t o  move i n  o r d e r  t o  s i m u l a t e  
s p a c e c r a f t  m o t i o n s ;  
3 .  An o p t i c a l  s e n s o r  c a p a b l e  o f  0 .001-arc-second r e s o l u t i o n  f o r  indepen-  
d e n t l y  m o n i t o r i n g  t h e  a n g u l a r  p o s i t i o n  of  t h e  s i m u l a t e d  t e l e s c o p e  
package w i t h  r e s p e c t  t o  t h e  s o u r c e ;  
4.  A c o n t r o l l e d  env i ronmenta l  chamber, such  a s  a  vacuum chamber. T h i s  
w i l l  house  t h e  complete  sys tem f o r  i s o l a t i o n  from e x t e r n a l  d i s t u r b a n c e s .  
The vacuum chamber may b e  h a r d  mounted t o  t h e  f l o o r  i f  b u i l d i n g  v i b r a -  
t i o n s  pe rmi t .  Otherwise  i t  must b e  i s o l a t e d  from e x t e r n a l  v i b r a t i o n s .  
I s o l a t i o n  
The r e q u i r e d  i s o l a t i o n  can b e  a c h i e v e d  by p l a c i n g  t h e  e n t i r e  sys tem,  i n -  
c l u d i n g  t h e  measur ing  i n s t r u m e n t s ,  i n s i d e  a  vacuum chamber, which may be 
i s o l a t e d  from b u i l d i n g  v i b r a t i o n s .  The r e q u i r e m e n t s  on such a  chamber a r e  
t h a t  i t  be  l a r g e  enough t o  accommodate t h e  system and t h a t  t h e  pump r a t e  be  
c a p a b l e  o f  h a n d l i n g  t h e  l eakage  from t h e  a i r  pads .  The a i r  pads d e s i g n e d  
i n  t h e  p r e v i o u s  f r e e  f l o a t  exper iment  o p e r a t e  from a  15-ps ig  supp ly  p r e s s u r e .  
Thus, t h e y  may be  used i n  a  vacuum chamber by v e n t i n g  t h e  a i r  pad i n l e t s  t o  
t h e  a tmosphere .  A 15-ps ig  (one a tmosphere)  p r e s s u r e  d i f f e r e n t i a l  between t h e  
vacuum chamber and s t a n d a r d  a tmospher ic  c o n d i t i o n s  i s  s u f f i c i e n t  t o  l i f t  
t h e  t a b l e .  The f low r a t e  (0 .50 scfm maximum p e r  pad) was minimized s o  t h a t  
t h e  l eakage  would b e  below t h e  c a p a b i l i t y  of  s t a n d a r d  vacuum pumps. 
A s u i t a b l e  h o r i z o n t a l  vacuum chamber i s  a v a i l a b l e  a t  Perkin-El.mer and i s  
shown i n  F i g u r e s  340 and 341  . T h i s  chamber i s  5  f e e t  i n  d i a m e t e r  by 
32 f e e t  long.  The pump c a p a b i l i t y  i s  140 CFM. A can  be  s e e n  i n  t h e  
photographs ,  t h e  chamber i s  p r e s e n t l y  i s o l a t e d  from b u i l d i n g  v i b r a t i o n s  u s i n g  
pneumatic s e r v a - l e v e l  i s o l a t o r s .  A s  p o i n t e d  o u t , l a t e r  t h e s e  a r e  n o t  
a d e q u a t e  f o r  the '  0 .01-arc-second f r e e  f l o a t  p o i n t i n g  exper iment .  An i s o l a t i o n  
sys tem which does  have t h e  n e c e s s a r y  low s p r i n g  c o n s t a n t s  can be  made by f l o a t -  
i n g  t h e  e n t i r e  vacuum chamber on mercury,  i f  n e c e s s a r y .  A t h r e e - p o i n t  s u p p o r t  
i s  b e s t  and each s u p p o r t  would c o n s i s t  of a  l e g  w i t h  low c r o s s - s e c t i o n a l  a r e a  
w i t h  a  s p h e r e  a t  t h e  end ( F i g u r e  342 ) .  The buoyant f o r c e  i s  FB = pV, where 
p i s  t h e  d e n s i t y  o f  mercury and V i s  t h e  volume of  t h e  s u p p o r t  immersed i n  
t h e  mercury.  The volume i s  
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where r = r a d i u s  of t h e  s p h e r e  
A = c r o s s - s e c t i o n a l  a r e a  of  t h e  l e g  
z a l e n g t h  of  l e g  immersed i n  mercury 
The e f f e c t i v e  s p r i n g  c o n s t a n t  i s  g iven  by 
and c a n  be v a r i e d  by chang ing  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  s u p p o r t i n g  l e g  
s t r u c t u r e .  The magni tude o f  t h e  r a d i u s  of  t h e  s p h e r e  and t h e  c r o s s - s e c t i o n a l  
a r e a  n e c e s s a r y  c a n  be e s t i m a t e d  from t h e  t o t a l  weight  s u p p o r t e d  and t h e  n a t u r a l  
f r equency  d e s i r e d .  The weight  o f  t h e  f r e e  f l o a t i n g  p l a t f o r m  i s  535 l b .  
Allowing a n o t h e r  500 pounds f o r  t h e  a s s o c i a t e d  equipment and approx imate ly  
2500 l b  f o r  t h e  vacuum chamber, t h e  t o t a l  weight  i s  n e a r  3500 l b .  Each o f  
t h e  t h r e e  l e g s  must s u p p o r t  113 of  t h i s  o r  1,200 l b .  S i n c e  t h e  s p h e r e  i s  
t h e  b u l k  o f  t h e  volume, t h e  r a d i u s  o f  t h e  s p h e r e  must be  
- 4 f i r 3  = 1,200 l b s  x 453.6 9 / l b  
3 13.55 9/cm 3 
From - 
*n - 
where f  = @! i s  t h e  n a t u r a l  f r e q .  
n  2 x  
k = pA i s  t h e  e f f e c t i v e  s p r i n g  c o n s t a n t  
and M = mass 
For  
= 4 1  b; 2  2  cm - s e c  2  
2  2 
= 1618 f  cm s e c  2 
n  
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T h i s  c o r r e s p o n d s  t o  480 p s i  which i s  w e l l  below t h e  y i e l d  s t r e n g t h  of any 
m a t e r i a l s  which might be  used  f o r  s u p p o r t .  Note t h a t  t h e  chamber must be  
r e s t r a i n e d  from moving i n  t h e  h o r i z o n t a l  p l a n e .  T h i s  may b e  accomplished 
u s i n g  t h i n  w i r e s  which w i l l  n o t  t r a n s m i t  v e r t i c a l  mot ions  t o  t h e  chamber. 
It must b e  c a r e f u l l y  n o t e d  t h a t  changes i n  p o s i t i o n  of t h e  c e n t e r  of g r a v i t y  
(due t o  movement o f  t h e  f r e e  f l o a t i n g  p l a t f o r m  o r  t h e  s p a c e c r a f t  s i m u l a t i o n  
frame) w i l l  r e s u l t  i n  a  r e d i s t r i b u t i o n  of f o r c e s  on t h e  mercury i s o l a t i o n  
pads.  Th i s  would c a u s e  a  t i l t i n g  of  t h e  e n t i r e  chamber such t h a t  t h e  
f r e e  f l o a t  p l a t f o r m  i s  no longer  p e r p e n d i c u l a r  t o  t h e  g r a v i t y  v e c t o r .  
- 5 I n  o r d e r  t o  m a i n t a i n  t h e  h o r i z o n t a l  components o f  g r a v i t y  below 1x10 
pounds ( a  r equ i rement  d e r i v e d  i n  t h e  p r e v i o u s  f r e e  f l o a t  e x p e r i m e n t ) ,  t h e  t a b l e  
must b e  l e v e l  t o  0.005 arc-second.  T h i s  means t h a t  t h e  e n t i r e  vacuum chamber 
must b e  h e l d  l e v e l  t o  0.005 a rc - second  d u r i n g  o p e r a t i o n .  A s  t h e  c e n t e r  of 
g r a v i t y  o f  t h e  t a b l e  moves, t h e  load  on t h e  i s o l a t i o n  pads changes  and t h e  
vacuum chamber becomes unbalanced.  A s i m p l e  c a l c u l a t i o n  shows t h a t  f o r  
mot ions  o f  5 x  1 0 - ' 4  i n c h  ( t h e  peak d i sp lacement  o b s e r v e d  d u r i n g  o p e r a t i o n  
i n  t h e  p r e v i o u s  f r e e  f l o a t  exper iment )  t h e  proposed i s o l a t i o n  sys tem would 
a l l o w  t h e  t a b l e  t o  t i l t  approx imate ly  23 a rc - seconds .  T h i s  i s  s e v e r a l  
o r d e r s  o f  magnitude above t h e  a l l o w a b l e  t i l t .  T h i s  problem can  b e  met by 
i n c l u d i n g  a n  a d d i t i o n a l  s e r v o  which c o n t r o l s  e i t h e r  c o u n t e r w e i g h t s  t o  m a i n t a i n  
t h e  c .g . ,  o r  p l u n g e r s  i n  t h e  mercury pads t o  compensate f o r  t h e  unba lance .  
It i s  a n  i n t e r e s t i n g  c i r c u m s t a n c e  t h a t  i n  o r d e r  t o  measure t h e  p o i n t i n g  i n  
one a x i s  t o  0 . 0 1  a rc - second ,  t h e  e n t i r e  t e s t  bed must b e  m a i n t a i n e d  t o  0.005 
arc-second i n  t h e  o t h e r  two a x e s .  
P o i n t i n g  
The e r r o r  s i g n a l s  f o r  p o i n t i n g  t h e  f r e e  f l o a t  p l a t f o r m  t o  0 . 0 1  a rc - second  i n  
one a x i s  may b e  d e r i v e d  u t i l i z i n g  t h e  o p t i c a l  sys tem shown i n  F i g u r e  343 . 
A c o l l i m a t e d  beam r e p r e s e n t i n g  t h e  gu ide  s t a r  i s  focused  o n t o  t h e  apex of a  wedge- 
shaped image d i v i d e r .  The wedge i s  formed by t h e  i n t e r s e c t i o n  o f  two p l a n e s  
and may be  made q u i t e  s h a r p  t o  minimize s c a t t e r e d  l i g h t .  A t  t h i s  apex,  t h e  
l i g h t  i s  d i v i d e d  i n t o  two beams, each of  which t h e n  f a l l s  on a  p h o t o m u l t i p l i e r  
t u b e .  The f i e l d  l e n s  images t h e  e n t r a n c e  p u p i l  o n t o  t h e  photo-cathodes  of t h e  
m u l t i p l i e r  photo  t u b e s  t o  minimize  t h e  e f f e c t s  of  non-un i fo rmi ty .  The o u t p u t  
o f  t h e  two p h o t o m u l t i p l i e r s  i s  compared, and t h e  d i f f e r e n c e  a m p l i f i e d ,  t o  
d e r i v e  a n  e r r o r  s i g n a l  f o r  p o i n t i n g  t h e  f r e e  f l o a t  t a b l e .  A l i n e a r  approxima- 
t i o n  t o  t h e  d i s c r i m i n a n t  o f  t h i s  d e t e c t o r  i s  shown by t h e  d a r k  l i n e  i n  F i g u r e  
3 4 5 .  Note t h a t  s a t u r a t i o n  o c c u r s  a t  a n  a n g l e  of  1.22 A / D  where D i s  t h e  d i a m e t e r  
o f  t h e  e n t r a n c e  p u p i l .  The s l o p e  o f  t h e  d i s c r i m i n a n t  may b e  expressed  i n  terms 
of v o l t s / u n i t  a n g l e .  
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It i s  i m p r a c t i c a l  t o  d u p l i c a t e  t h e  t e l e s c o p e  on t h e  e x p e r i m e n t a l  p l a t f o r m  
because  of t h e  l a r g e  o p t i c s  invo lved .  However, i t  i s  p o s s i b l e  t o  s i m u l a t e  
t h e  t r a c k i n g  pa ramete r s  u s i n g  manageable-s ize  o p t i c s .  The p o i n t i n g  e r r o r  i s  
g iven  by 1.22 & (a) "1 (Perkin-Elmer C o r p o r a t i o n  E n g i n e e r i n g  Repor t  No. 7846). 
The s l o p e  o f  t h e  d i s c r i m i n a n t  i s  de te rmined  by t h e  s i z e  and i n t e n s i t y  o f  t h e  
image a t  t h e  p h o t o m u l t i p l i e r s  and t h e  g a i n  i n  t h e  f o l l o w i n g  s t a g e s .  To o b t a i n  
t h e  d e s i r e d  s l o p e  ( i d e n t i c a l  t o  t h a t  i n  t h e  a c t u a l  t e l e s c o p e  c o n f i g u r a t i o n ) ,  
b o t h  t h e  i n t e n s i t y  of  t h e  s o u r c e  s i m u l a t i n g  t h e  s t a r ,  and t h e  a m p l i f i c a t i o n  
i n  t h e  s t a g e s  f o l l o w i n g  t h e  p h o t o m u l t i p l i e r  may be  v a r i e d .  S i n c e  t h e  a p e r t u r e  
o f  t h e  o b j e c t i v e  l e n s  i s  s m a l l  r e l a t i v e  t o  t h e  pr imary a p e r t u r e  o f  t h e  l a r g e  
t e l e s c o p e ,  t h e  a n g l e  a t  which s a t u r a t i o n  occurs  w i l l  b e  l a r g e  r e l a t i v e  t o  t h a t  
i n  t h e  2-meter c a s e .  T h i s  s a t u r a t i o n  may be  s i m u l a t e d  e l e c t r o n i c a l l y  by u s i n g  
a  c l i p p i n g  c i r c u i t  f o l l o w i n g  t h e  p h o t o m u l t i p l i e r s  which c l i p s  t h e  s i g n a l  a t  
a  l e v e l  c o r r e s p o n d i n g  t o  t h e  s a t u r a t i o n  l e v e l  d e s i r e d .  The a p p r o p r i a t e  
s l o p e  i s  o b t a i n e d  by i n c r e a s i n g  t h e  s i g n a l  l e v e l  t o  t h e  p o i n t  where t h e  s i g n a l -  
t o - n o i s e  r a t i o  i s  v e r y  l a r g e  compared t o  t h a t  e x p e c t e d  when t r a c k i n g  a g u i d e  
s t a r  i n  space .  To compensate f o r  t h i s ,  t h e  a m p l i f i c a t i o n  f o l l o w i n g  t h e  
d e t e c t o r s  i s  d e c r e a s e d  t o  m a i n t a i n  t h e  d e s i r e d  s l o p e .  Noise  s i m u l a t i n g  t h e  
n o i s e  l e v e l  i n  s p a c e  may b e  i n t r o d u c e d  i n t o  t h e  sys tem a f t e r  c l i p p i n g .  
The n o i s e  could  b e  g e n e r a t e d  i n  a  p h o t o m u l t i p l i e r  m o n i t o r i n g  a low l i g h t  l e v e l .  
F i g u r e  345 i s  a  b l o c k  diagram of  t h e  sys tem d e s i g n e d  t o  s i m u l a t e  t h e  t r a c k i n g  
pa ramete r s  o f  t h e  2-meter t e l e s c o p e .  
Lase r  A u t o c o l l i m a t o r  w i t h  0.001-Arc-Second S e n s i t i v i t y  
The Dual-Axis L a s e r  Autoco l l ima tor  p i g u r e s 3 4 6  and 347) i s  a n  i n t e r f e r o m e t r i c  
sys tem des igned  t o  moni to r  changes  i n  a n g l e s  abou t  two a x e s  w h i l e  p r o v i d i n g  
h i g h  s e n s i t i v i t y ,  l a r g e  dynamic range,  and v e r y  h i g h  f requency  r e s p o n s e .  The 
a u t o c o l l i m a t o r  i n c l u d e s  no moving components. 
The sys tem c u r r e n t l y  b e i n g  produced h a s  a  d i g i t a l  read-out  i n  u n i t s  o f  
one- ten th  o f  one a rc - second ,  and  h a s  e x h i b i t e d  a  dynamic range  i n  e x c e s s  of 
f o u r  thousand a rc - seconds  ( 1 . 1  d e g r e e s ) .  The a n g u l a r  a c c e p t a n c e  range  i s  
d i r e c t l y  r e l a t e d  t o  t h e  s e p a r a t i o n  of t h e  sys tem package from t h e  o p t i c a l  f l a t  
which i s  b e i n g  moni tored.  The p r e s e n t  r ange  of approx imate ly  + one-ha l f  
degree  i s  o b t a i n e d  w i t h  a  s e p a r a t i o n  of 112 i n c h .  G r e a t e r  s e p a r a t i o n s  w i l l  
r a p i d l y  reduce  t h i s  o p e r a t i n g  range  because  of  o p t i c a l  beam d i sp lacement  
and a s s o c i a t e d  v i g n e t t i n g .  T h i s  sys tem i s  v e l o c i t y  l i m i t e d  i n  t i l t  a t  t h e  
r a t e  of  twenty  thousand  a rc - seconds  pe r  t ime  second,  de te rmined  by t h e  
f requency  response  of t h e  s i g n a l  p r o c e s s i n g  e l e c t r o n i c s .  The sys tem d o e s  
n o t  d e t e r m i n e  a  un ique  z e r o  a n g l e  p o s i t i o n ,  b u t  r a t h e r  m o n i t o r s  with 
t h e  above o p e r a t i n g  c h a r a c t e r i s t i c s  any changes from a n  a r b i t r a r i l y  s e l e c t e d  
z e r o  p o s i t i o n .  I f  t h e  a n g l e  change exceeds  t h e  s y s t e m ' s  a n g u l a r  a c c e p t a n c e  range ,  
t h e  z e r o  s e t t i n g  i s  l o s t  and t h e  sys tem w i l l  no longer  i n d i c a t e  z e r o  when 
r e t u r n e d  t o  t h e  i n i t i a l  p o s i t i o n .  However, i f  c a r e  i s  t a k e n  t o  a s s u r e  t h a t  
o p e r a t i o n  i s  m a i n t a i n e d  w i t h i n  t h e  a n g u l a r  a c c e p t a n c e  range ,  t h e  v e r y  h i g h  
f requency  r e s p o n s e  of  t h e  sys tem p r e c l u d e s  any l o s s  of  z e r o  p o s i t i o n .  
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Figure 3 4 6 ,  ATM Dual-Axis Autocollimator 
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The sys tem t h a t  h a s  been c o n s t r u c t e d  i s  t h e  f i r s t  f u l l y  o p e r a t i n g  sys tem 
of  t h i s  d e s i g n  produced.  There  have been i d e n t i f i e d  s e v e r a l  m o d i f i c a t i o n s  
t h a t  can b e  i n c o r p o r a t e d  t o  i n c r e a s e  t h e  sys tem performance i n  terms of  a n g u l a r  
r e s o l u t i o n  and a n g u l a r  a c c e p t a n c e  range .  
The a n g u l a r  a c c e p t a n c e  range  can t h e o r e t i c a l l y  b e  doubled f o r  t h e  e x i s t i n g  
hardware  by r e d e s i g n i n g  and r e b u i l d i n g  t h e  o p t i c a l  d e t e c t o r  packages f o r  
s e n s i n g  r e l a t i v e  l i g h t  l e v e l s  r a t h e r  t h a n  a b s o l u t e  l i g h t  l e v e l s .  
The a n g u l a r  r e s o l u t i o n  c a n  b e  improved by two t e c h n i q u e s .  The f i r s t  i s  
by i n c r e a s i n g  t h e  p h y s i c a l  dimension of  t h e  u n i t .  P r a c t i c a l  l i m i t a t i o n s  
p r e v e n t  a  l a r g e  i n c r e a s e  from b e i n g  o b t a i n e d  i n  t h i s  manner; pe rhaps  a  f a c t o r  
of  two improvement i s  p r a c t i c a l .  The second t e c h n i q u e  i n v o l v e s  t h e  i n t r o d u c t i o n  
o f  a n  o p t i c a l  f r equency  s h i f t e r  i n  one p a t h  of each  o f  t h e  two i n t e r f e r o m e t e r  
c h a n n e l s  and u t i l i z i n g  phase  d e t e c t i o n  t e c h n i q u e s  t o  r e s o l v e  changes  c o r r e s -  
ponding t o  a v e r y  s m a l l  f r a c t i o n  of  one f r i n g e  i n  t h e  i n t e r f e r o m e t e r  o u t p u t  
image. 
P o t e n t i a l l y  a n  improvement o f  a  f a c t o r  o f  f i f t y  i s  a v a i l a b l e  w i t h  t h i s  
t e c h n i q u e .  However, t h i s  t e c h n i q u e  would s e v e r e l y  l i m i t  t h e  s l e w i n g  r a t e  
and t h e r e f o r e  t h e  o p e r a t i n g  bandwidth of t h e  system. 
By c o n b i n i n g  t h e  above two improvements, t h e  sys tem s e n s i t i v i t y  may be improved 
t o  on t h e  o r d e r  o f  0,001 a rc - second .  T h i s  a u t o c o l l i m a t o r  w i l l  p rov ide  t h e  
n e c e s s a r y  s e n s i t i v i t y  f o r  i n d e p e n d e n t l y  m o n i t o r i n g  t h e  a n g u l a r  p o i n t i n g  
of t h e  f r e e  f l o a t  t a b l e .  
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THERMAL VACUUM EXPERIMENTS 
I n  o r d e r  t o  a c h i e v e  d i f f r a c t i o n - l i m i t e d  performance i n  a l a r g e  o p t i c a l  sys tem 
i n  s p a c e ,  i t  i s  mandatory t h a t  t h e  pr imary m i r r o r  does  n o t  undergo e x c e s s i v e  
t h e r m o e l a s t i c  d e f o r m a t i o n s .  Th is  i m p l i e s  t h a t  a n  optimum thermal  d e s i g n  must 
minimize the rmal  g r a d i e n t s  i n  t h e  m i r r o r .  U n f o r t u n a t e l y ,  a n a l y s e s  a r e  o n l y  
a v a i l a b l e  f o r  p r e d i c t i n g  m i r r o r  d i s t o r t i o n  i n  t h e  p resence  of c e r t a i n  s imple  
t empera tu re  g r a d i e n t s  and t h e r e  a r e  no s o l u t i o n s  t o  t h e  g e n e r a l  problem and 
no adequa te  measurements have been made which s i m u l a t e  t h e  behav ior  of l a r g e  
m i r r o r s  under r e a l i s t i c  space  environment c o n d i t i o n s .  T h e r e r o r e , t h e  most 
impor tan t  ground-based exper iments  t o  under take  a r e  d e t a i l e d  e x p e r i m e n t a l  and 
t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  t h e  f i g u r e  of a  m i r r o r  when s u b j e c t e d  t o  a con-  
t r o l l e d  the rmal  environment p r o p e r l y  s i m u l a t i n g  s p a c e  c o n d i t i o n s .  
The optimum method of u s i n g  m i r r o r  m a t e r i a l s  i s  t o  o p e r a t e  them around t h e  
t e m p e r a t u r e  where t h e  c o e f f i c i e n t  of expansion i s  z e r o  and consequen t ly  t h e  
t h e r m a l  t e s t i n g  should i n c l u d e  measurements around t h e  z e r o  c o e f f i c i e n t  
t empera tu re  range .  
I n  p ropos ing  a  program of the rmal  vacuum exper iments ,  it i s  r e a l i z e d  t h a t  t h e  
s i m p l e s t  e x p e r i m e n t a l  approach done i s  t o  make measurements upon e x i s t i n g  m i r r o r s  
a s  was done a t  room t e m p e r a t u r e  i n  a n  i n i t i a l  e x p e r i m e n t a l  program a t  P e r k i n -  
Elmer where measurements were made upon t h e  32- inch e g g c r a t e  OAO-C m i r r o r  f a b r i c a -  
t ed  f o r  t h e  P r i n c e t o n  Exper imental  Package. S i m i l a r  exper iments  a r e  planned f o r  
t h e  36-inch S t r a t o s c o p e  I1 m i r r o r  i n  t h e  near  f u t u r e .  One drawback t o  t h i s  
approach i s  t h a t  bo th  m i r r o r s  a r e  composed of f u s e d  s i l i c a  whereas a  thorough 
the rmal  vacuum e x p e r i m e n t a l  program should i n c l u d e  m i r r o r s  f a b r i c a t e d  from some 
of t h e  newer m i r r o r  m a t e r i a l  c a n d i d a t e s  such a s  #7971 ULE>k, CerVitJrh and S i l i c o n .  
U L E  i s  a  g l a s s  developed by Corning and i s  composed of approx imate ly  9 3  p e r c e n t  
S102 and 7  p e r c e n t  T102. The g l a s s  i s  formed by t h e  p y r o l y t i c  decompos i t ion  of 
S C.4 and The m e t a l s  a r e  i n t r o d u c e d  i n t o  t h e  flame by s a t u r a t i n g  oxygen 1 . 4  w l t h  t h e  chlorides b e f o r e  t h e y  e n t e r  a  s e r i e s  of b u r n e r  nozz les  above a  r o t a t i n g  
c r u c i b l e .  
CerVi t  i s  a  p a r t i a l l y  d e v i t r i f i e d  g l a s s  w i t h  which c r y s t a l l i z a t i o n  h e a t  t r e a t m e n t  
can  be accomplished t o  produce a  c o e f f i c i e n t  of expansion t h a t  i s  n e a r l y  a n  o r d e r  
of magnitude l e s s  t h a n  pure  fused  s i l i c a .  By o p t i m i z i n g  t h e  h e a t  t r e a t m e n t  p ro-  
c e s s ,  a c o e f f i c i e n t  of t h e r m a l  expansion i d e n t i c a l  t o  t h a t  o f  ULE c a n  b e  o b t a i n e d .  
It shou ld  be noted t h a t  t h i s  i s  n o t  t h e  commercial g r a d e  o f  CerVit ,  which has  a n  
a p p r e c i a b l y  h i g h e r  c o e f f i c i e n t  of the rmal  expans ion .  
The p r o p e r t i e s  of s i l i c o n  and t h e  reasons  why i t  i s  a  s t r o n g  c a n d i d a t e  f o r  space-  
borne m i r r o r s  a r e  p r e s e n t e d  l a t e r .  
* 
ULE, a product  o f  Corning Glassworks, Corning, N.V. 
4.L 
,, ,. 
CerVit, a  product  of Corning Glassworks, Corning, N .Y .  
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The experimental  p a r t  of t h e  thermal  vacuum t e s t i n g  of space mi r ro r s  can  be 
accomplished using t h e  fol lowing f a c i l i t i e s  and measuring techniques :  
e A v e r t i c a l  t e s t  t ank  operated under vacuum toge the r  w i t h  a n  a i r  
bag support  f o r  t h e  mi r ro r .  
e An a r r a y  of h e a t e r  pads placed on t h e  s i d e  and back s u r f a c e  of t h e  
mir ror  t o  produce con t ro l l ed  thermal  i n p u t s .  
e An a r r a y  of t he rmis to r s  and thermocouples mounted on t h e  mi r ro r  
su r f ace  t o  measure temperature g r a d i e n t s .  
e A s c a t t e r p l a t e  i n t e r f e rome te r  placed a t  t h e  c e n t e r  of cu rva tu re  of 
t h e  mi r ro r .  
e A method of measuring t h e  d i s t a n c e  of t h e  in t e r f e rome te r  t o  t h e  mir ror  
such a s  a  ranging in t e r f e rome te r .  
e Data r educ t ion  equipment t o  genera te  t h e  equat ion  of t h e  bes t  f i t  
parabola and t h e  rms f i g u r e  va lue .  
The a n a l y t i c a l  work uses t h i n  p l a t e  theory  and axisymmetrical temperature 
g rad ien t s  a s  a  s t a r t i n g  po in t .  The use of t h e s e  simple approaches has provided 
s u r p r i s i n g l y  good agreement f o r  t be  OAO mir ror  between a n a l y t i c a l  and experimental  
r e s u l t s  a s  can be seen i n  Table 46,  
It i s  necessary t o  extend both experimental  and a n a l y t i c a l  r e s u l t s  t o  unsymmetrical 
temperature g r a d i e n t s  and d i f f e r e n t  mirror  m a t e r i a l s  t o  a s se s s  t h e  e f f e c t  of 
thermal g rad ien t s  upon rms f i g u r e  and focus changes. 
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IMAGE MOVER FABRICATION AND TEST EXPERIMENT 
The image mover assembly which i s  used f o r  guidance i n  t h e  v id icon  imaging 
system module must be optimized i n  both the  o p t i c a l  and thermal-mechanical 
design.  A workable con f igu ra t ion  of t h e  image mover i s  shown i r - F i g u r e s  348 
and 349 . 
Since the  s o l e  func t ion  of t he  image movers and t e l e scope  c o r r e c t o r  e lements  
i s  t o  form images of a u x i l i a r y  s t a r s  upon an image d i v i a i n g  prism i n  t he  
f i n e  poin t ing  e r r o r  sensor ,  they a r e  considered p a r t  of t he  poin t ing  system. 
Consequently, only those v a r i a b l e s  which a f f e c t  t h e  s t a b i l i t y  and p r e c i s i o n  
of po in t ing  of the te lescope  during an exposure a r e  important  i n  t he  des ign  
of the image mover subsystem. Thus, t he re  i s  no requirement f o r  l i g h t  t r a n s -  
mission i n  the  f a r  u l t r a v i o l e t  reg ion  s i n c e  the f i n e  e r r o r  sensor  photo- 
m u l t i p l i e r  i s  i n s e n s i t i v e  t o  t he  f a r  u l t r av io1e t . spec t rum.  
From the  s t andpo in t  of t he  poin t ing  system, the  des ign  requirements f o r  t he  
image movers a r e  a s  fol lows:  
(1 )  The a b e r r a t i o n s  i n  the  image produced a t  t he  image-dividing pr ism 
must be small  enough s o  t h a t  t he  energy t r a n s f e r  r a t e  ac ros s  t h e  image-dividing 
edge i s  no t  degraded s i g n i f i c a n t l y  (10 percent  or  l e s s )  from t h a t  of an i d e a l  
d i f f r a c t i o n  image. 
(2)  The p o s i t i o n  of the  c e n t e r  of the  image on the  image-dividing pr ism 
must n o t  move by more than a small  f r a c t i o n  of 0.01 arc-second during an ex- 
posure (which may exceed 90 minutes) .  Motions of t h i s  kind can be caused by 
motions of the c o r r e c t o r  lenses  and image movers a s  a u n i t ,  motions of the 
fo ld ing  prisms, and r e l a t i v e  motions of the segments of the  " f l i p "  mi r ro r .  
Therefore,  the  thermal and mechanical designs of these  o p t i c a l  p a r t s  must be 
such t h a t  s ing  l e - o r b i t  changes i n  the  thermal environment a r e  incapable  of 
causing motions o r  t i l t s  t h a t  exceed t h i s  number. 
Ln a d d i t i o n  t o  t hese  performance requirements, t h e r e  a r e  o v e r a l l  des ign  r e -  
quirements s e t  by the  space environment, the  space and power ava i l ab l e ,  t he  
thermal design, e t c ,  The des ign  g iven  here  was made f o r  the  Princeton OAO - F 
veh ic l e  and i s  included here  t o  o u t l i n e  the s t eps  t h a t  must be considered i n  
order  t o  complete a d e t a i l e d  des ign  f o r  the  LTEP ins t rument  s e c t i o n .  
Ant ic ipa ted  Thermal Environment 
E f fec t ive ly ,  %he image movers t r a n s f e r  an a r b i t r a r i l y  pos i t i oned  bundle of 
l i g h t  t o  a f i xed  p o s i t i o n  i n  the  f /10  f o c a l  plane.  To accomplish t h i s ,  t h e r e  
m s t  be a unique correspondence between the  mapping of the  po in t s  i n  t he  
o r i g i n a l  f o c a l  plane and the  f ixed  p o i n t  i n  the  £ / l o  f o c a l  p lane .  Small b i a s e s  
introduced between the e a r t h  and space environments can be c a l i b r a t e d  out ,  b u t  
i n  the space environment the mapping must be simply a func t ion  of the  s e t t i n g  
of the  image mover. 
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Of t h e  p o s s i b l e  c o n d i t i o n s  encoun te red  i n  t h e  space  environment  t h a t  cou ld  
d i s t u r b  t h i s  unique mapping r e l a t i o n s h i p ,  i t  i s  a p p a r e n t  t h a t  the most con- 
s e q u e n t i a l  i s  t h e  changing thermal  environment .  As t h e  average  t e m p e r a t u r e  
changes and t h e  t empera tu re  d i f f e r e n t i a l  from one p o i n t  t o  a n o t h e r  changes ,  
t h e r e  w i l l  be  c o r r e s p o n d i n g  changes  i n  o p t i c a l  a l ignment ,  i n  t h e  p h y s i c a l  s i z e  
of  t h e  o p t i c a l  e l ements ,  and i n  t h e  o p t i c a l  p r o p e r t i e s  of t h e  e lements  ( f o r  
example, t h e  index  o f  r e f r a c t i o n  of t h e  g l a s s ) .  Each o f  t h e s e  changes must 
b e  s t u d i e d w i t h  r e g a r d  t o  p o i n t i n g  sys tem performance.  The phi losophy adop ted  
i n  t h i s  s t u d y  i s  t o  assume "wors t -case"  t empera tu re  g r a d i e n t s ,  i d e n t i f y  t h o s e  
e f f e c t s  ( e . g . ,  a l ignment  changes) which can degrade  o r  move t h e  gu ide  s t a r  
image, and t h e n  compute t h e  magnitude of t h e  e f f e c t  caused by t h e  assumed 
w o r s t - c a s e  c o n d i t i o n .  I f  t h e  sum of t h e  e f f e c t s  y i e l d s  a  n e g i l i g i b l e  r e d u c t i o n  
i n  p o i n t i n g  system performance,  then t h e  thermal  and mechanical  d e s i g n  i s  
a d e q u a t e .  
I n  g e n e r a l ,  t h e  problem r e q u i r e s  t h a t  t h e  e f f e c t s  o f  mot ions  o f  each and e v e r y  
o p t i c a l  e lement  i n  s i x  d e g r e e s  of  freedom be i n v e s t i g a t e d ,  a s  w e l l  a s  a l l  com- 
b i n a t i o n s  of motion, i n c l u d i n g  g r o s s  mot ions  of t h e ' i m a g e  mover assembly and 
t h e  c o r r e c t o r  l e n s e s .  I t  i s  obvious ,  however, t h a t  many of  t h e s e  mot ions  w i l l  
have no  e f f e c t  ( e .g . ,  r o t a t i o n  of  a  f o l d e d  m i r r o r  i n  i t s  own p l a n e ) .  E q u a l l y  
obvious ,  o n l y  some o f  t h e  p o s s i b l e  mot ions  w i l l  occur  f o r  c o n c e i v a b l e  tempera- 
t u r e  changes .  We s h a l l  then  fo rmula te  t h e  problem which i s  t o  be i n v e s t i g a t e d  
i n  terms of i m p o r t a n t  mot ions  of o p t i c a l  e l ements  a s  w e l l  a s  p robab le  mot ions .  
The f o l l o w i n g  pa ragraphs  a r e  i n t e n d e d  t o  d e f i n e  t h e  s p e c i f i c  problems which 
were i n v e s t i g a t e d  and t h e  a s s o c i a t e d  r e s u l t s .  S p e c i f i c a l l y ,  t h e  a n t i c i p a t e d  
w o r s t - c a s e  the rmal  environment ,  t h e r m a l l y  induced mot ions  of t h e  v a r i o u s  op- 
t i c a l  e l ements ,  and g r a d i e n t s  i n  t h e  g l a s s  (and t h e  assumpt ions  made) a r e  a l l  
d e f i n e d .  F i n a l l y ,  t h e  mechanical  d e s i g n  problems and t h e  r e s u l t i n g  d e s i g n  
concep t s  a r e  g iven .  
The thermal  environment which t h e  image movers e x p e r i e n c e  i s  a  f u n c t i o n  of t h e  
exper iment  package h e a t  b a l a n c e  des ign ,  t h e  l o c a t i o n  of p o w e r - d i s s i p a t i n g  com- 
ponents  i n  t h e  exper iment  package, and t h e  expec ted  programmed o r b i t s  o f  t h e  
v e h i c l e .  As s t a t e d  e a r l i e r ,  t h e  thermal  d e s i g n  of t h e  exper iment  package w i l l  
b e  comple te ly  p a s s i v e ,  such t h a t  t h e  components c o n t a i n e d  w i t h i n  t h e  package 
w i l l  b e  r e q u i r e d  t o  o p e r a t e  s a t i s f a c t o r i l y  over  a  t empera tu re  range  of  abou t  
30°C between extreme o r b i t  a t t i t u d e s .  The the rmal  t ime  c o n s t a n t  of  t h e  pr imary 
m i r r o r  and drum assembly i s  many t imes  l a r g e r  than  t h e  o r b i t a l  p e r i o d  and,  
t h e r e f o r e ,  t empera tu re  v a r i a t i o n s  i n  t h e  image mover d u r i n g  a n  o r b i t  w i l l  be 
n e g l i g i b l y  s m a l l .  Computations f o r  t h e  pr imary show g r a d i e n t  changes w i t h i n  t h e  
h o t  o r b i t  t o  be  O.lO°K o r  l e s s  (24-hour a l b e d o  v a r i a t i o n ) .  G r a d i e n t  changes  
w i t h i n  t h e  backing p l a t e  w i l l  be c o n s i d e r a b l y  s m a l l e r  because  of  s h i e l d i n g  by 
t h e  pr imary m i r r o r .  
The sys tem thermal  a n a l y s i s  computed s t e a d y  s t a t e  t empera tu re  d i s t r i b u t i o n s  a t  
v a r i o u s  s t a t i o n s  i n  t h e  APS. The primary m i r r o r  and image mover assembly a r e  
c o n s i d e r e d  t o  be one, we l l - coup led  thermal  mass. As t h e  a n a l y s e s  show, t h e  
t empera tu res  computed f o r  t h e  primary s t r o n g l y  r e f l e c t  t h e  t empera tu re  s f  t h e  
m i r r o r  back ing  p l a t e  which i s  synonomous w i t h  t h e  c a s t i n g  c o n t a i n i n g  t h e  image 
movers. Correspondingly ,  t h e  t r a n s i e n t  thermal  a n a l y s i s  i s  d i r e c t l y  a p p l i c a b l e .  
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We w i l l  compute t h e  maximum t r a n s v e r s e ,  a x i a l  and r a d i a l  g r a d i e n t s  expec ted  
i n  t h e  image movers and t h e  changes i n  t h e s e  g r a d i e n t s  t h a t  t a k e  p l a c e  d u r i n g  
an  o b s e r v a t i o n  j u s t  a f t e r  a  programmed o r b i t  change. Although t h e  i n t e r n a l  
h e a t  s o u r c e s  ( c o a r s e  guidance package and image mover d r i v e  motors)  can i n -  
t roduce  t empera tu re  g r a d i e n t s  i n  t h e  s t r u c t u r e ,  they produce a  n e g l i g i b l e  
e f f e c t  on t h e  image movers. 
From F i g u r e  350 i t  can be seen  t h a t  t h e  image movers a r e  i n t e g r a l l y  mounted 
w i t h i n  t h e  c a s t i n g  which s e r v e s  a s  t h e  b a s i c  s t r u c t u r e  f o r  t h e  primary m i r r o r  
c e l l  a s  w e l l  a s  t h e  conduc t ing  back ing  p l a t e  f o r  t h e  m i r r o r .  The f u n c t i o n  
of t h i s  c a s t i n g  i s  t o  p rov ide  an i s o t h e r m a l  e n c l o s u r e  f o r  t h e  image movers a s  
w e l l  a s  a  s t a b l e  h e a t  s i n k  f o r  t h e  primary m i r r o r .  Th i s  c a s t i n g  i s  r e p r e s e n t e d  
by node 3 i n  t h e  sys tem thermal  a n a l y s i s .  
Consider  t h e  h o t  o r b i t  where t h e r e  i s  a  0.3"K tempera tu re  d i f f e r e n c e  between 
nodes 0  and 3 .  A 0.03"K drop  w i l l  occur  between t h e  c e n t e r  and edge of t h e  
back ing  p l a t e .  The r a d i a l  g r a d i e n t  i n  t h e  s t r u c t u r e  w i l l  t hen  be  1 . 5  x  ~ o - ~ " K /  
i n c h  and t h e  maximum a x i a l  g r a d i e n t s  can be  computed i n  a  manner s i m i l a r  t o  
t h a t  employed i n  t h e  primary m i r r o r  s t u d y .  The maximum s t e a d y  s t a t e  a x i a l  
g r a d i e n t  f o r  t h e  primary was found t o  be 0.16"K assuming an  e f f e c t i v e  the rmal  
c o n d u c t i v i t y  f o r  q u a r t z  of 1 . 2  x  w a t t  i n r h - l O ~ - l .  The c o n d u c t i v i t y  f o r  
aluminum i s  4  w a t t  inch-'"K-' o r  300 t imes  l a r g e r  than  t h e  q u a r t z .  The a x i a l  
g r a d i e n t  w i l l  t h e n  be about  5 x ~ o ' ~ " K .  The w o r s t - c a s e  t r a n s v e r s e  g r a d i e n t  
can be approximated by assuming t h a t  t h e r e  i s  a  6°K g r a d i e n t  a c r o s s  t h e  APS 
due t o  t h e  uneven s o l a r  h e a t i n g  of t h e  OAO when i n  t h e  co ld  o r b i t .  I f  t h e  
i n s u l a t i o n  b l a n k e t  r educes  t h i s  g r a d i e n t  by a  f a c t o r  of 10 (normal s u p e r i n -  
s u l a t i o n  i s  good f o r  50 t o  100 t imes a t t e n u a t i o n ) ,  the  t r a n s v e r s e  g r a d i e n t  
w i l l  be 0.6"K o r  0.015"K per i n c h  i n  t h e  image mover s t r u c t u r e .  The maximum 
s t e a d y  s t a t e  t empera tu re  g r a d i e n t s  t h a t  w i l l  e x i s t  i n  t h e  image mover mounting 
drum a r e :  
T  = 0.007 "Klinch 
t r a n s v e r s e  
A s i m i l a r  a n a l y s i s  was performed f o r  t h e  g r a d i e n t s  i n c u r r e d  f o r  t h e  g r a z i n g  
o r b i t  case ,  b u t  t h e s e  were s i g n i f i c a n t l y  lower than  t h e  v a l u e s  g i v e n  above. 
A l l  t h e s e  g r a d i e n t s  a r e  ex t remely  smal l  and, a s  w i l l  be seen,  have no d e l e -  
t e r i o u s  e f f e c t  on t h e  image mover performance.  Of g r e a t e r  s i g n i f i c a n c e  i n  
degrad ing  t h e  image q u a l i t y  w i l l  b e  t h e  t empera tu re  change i n  t h e  image mover 
between t h e  h o t  and t h e  c o l d  o r b i t  (32°K) and t h e  r e s u l t a n t  change i n  index  
of r e f r a c t i o n  of t h e  o p t i c a l  e lements  d u r i n g  t h i s  temperature  change. 
The change i n  t empera tu re  g r a d i e n t s  can  a l s o  be computed. We found t h a t  
3 r" U I R 
- -  
d t  - 0 . 1 3  e  t / 7  OK/hr f o r  t h e  back ing  p l a t e  d u r i n g  the  coo l  down of t h e  APS 
a f t e r  an  o r b i t  change from a  h o t  t o  a  c o l d  o r b i t .  These v a l u e s  can be used 
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t o  compute wors t -case  r a d i a l  g r a d i e n t s  and changes i n  r a d i a l  g r a d i e n t s .  
S i m i l a r l y ,  t h e  a x i a l  g r a d i e n t  d u r i n g  t h i s  t r a n s i e n t  p e r i o d  i s  s e e n  t o  be 
The maximum a x i a l  and r a d i a l  g r a d i e n t s  a r e  then,  
and t h e  maximum change i n  g r a d i e n t  ( a t  i n i t i a l  o r b i t  change) i s ,  
~ ( ~ ~ a x i a  1 ) = 4 x  1 o m 5 " ~  per hour 
A ( A T r a d i a l  ) = 6 x  ~ O - ~ O K  per hour 
Within  an o r b i t ,  t h e  g r a d i e n t  changes w i l l  be  v e r y  smal l  because of t h e  thermal  
i s o l a t i o n  of t h e  image mover a f f o r d e d  by t h e  primary,  t h e  OAO, and t h e  back o f  
APS . 
G r a d i e n t s  caused by t h e  image mover d r i v e  motors w i l l  be n e g l i g i b l e .  Assume 
t h a t  the  motors  d i s s i p a t e  2 w a t t s  b u t  o p e r a t e  f o r  a  maximum of 30 seconds 
d u r i n g  t h e  180-degree  s l ewing  which i s  maximum t r a v e l ;  then  t h e  approximate  
t empera tu re  r i s e  i n  a  motor w i l l  be 0.2"K which w i l l  be q u i c k l y  conducted 
i n t o  t h e  s t r u c t u r e .  The t empera tu re  r i s e  i n  t h e  guidance package t u b e s  c a n  
a l s o  be computed by assuming t h a t  they a r e  r a d i a t i v e l y  and c o n d u c t i v e l y  
coupled t o  t h e  c a s t i n g .  We f i n d  t h a t  a  0 .5-wat t  h e a t  source  l o c a t e d  a s  shown 
w i l l  r a i s e  t h e  t empera tu re  of t h e  s t r u c t u r e ;  however, t h e  & a d i e n t s  w i l l  be  
smal l  and w i l l  n o t  change because  of t h e  s t e a d y  h e a t  source  s u p p l i e d  by t h e  
c o a r s e  guidance packages.  
The g r a d i e n t s  l i s t e d  above w i l l  be used t o  compute t o l e r a n c e  f o r  t h e  image 
movers. Note t h a t  t h e  o n l y  g r a d i e n t s  t h a t  a r e  s i g n i f i c a n t  a r e  t h e  changes 
i n  g r a d i e n t  (A * AT) d u r i n g  an  exposure .  
E f f e c t s  of Thermal Environment 
I t  
i s  t h e  purpose  of t h i s  a n a l y s i s  t o  d e l i n e a t e  t h e  l i n e a r  and r o t a t i o n a l  d i s -  
p lacements  of t h e  v a r i o u s  image mover e lements  r e s u l t i n g  from c o n s t a n t  the rmal  
g r a d i e n t s .  Based on t h e s e  r e s u l t s  t h e  cor responding  o p t i c a l  p o i n t i n g  degra -  
d a t i o n  w i l l  be determined.  
Both r a d i a l  and a x i a l  g r a d i e n t s  were cons idered  t o  provide t h e  r e s u l t s  shown 
i n  Table  47 . (See F i g u r e  351,)  
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TABLE 47. TILTS AND DISPLACEMENTS RESULTING FROM A X I A L  
AND RADIAL GRADIENTS I N  THE IMAGE MOVERS 
* 
Based on worst-case computed temperature g rad i en t s  
Element 
Negative Lens & 1st Prism 
2nd Prism 
P o s i t i v e  Lens 
1s t Folding Mirror  
2nd Folding Mirror  
Negative Lens & 1st Prism 
2nd Prism 
P o s i t i v e  Lens 
1st Folding Mirror  
2nd Folding Mirror  
Axia l  Temperature Gradien t  
0 
( r a d i a n s )  
-0 .0434x10-~  
- 0 . 0 8 2 7 ~ 1 0 - ~  
- 0 . 0 4 9 1 ~ 1 0 - ~  
0 
0 
Ax 
(m> 
1 . 5 6 2 ~ 1 0 - ~  
1 . 1 5 5 ~ 1 0 - ~  
0 . 5 6 4 x l 0 - ~  
0 
0 
AY 
(mm> 
0 . 0 6 4 1 ~ 1 0 - ~  
- 0 . 1 1 6 8 ~ 1 0 - ~  
-0 .0362x10-~  
0 .01034x10-~  
-0 .00827x10-6 
Radial Temperature Gradien t  
1 . 6 4 x 1 0 - ~  
0 . 6 4 x 1 0 - ~  
0 . 5 2 x 1 0 - ~  
0 . 5 2 x 1 0 - ~  
0 . 4 7 x 1 0 - ~  
-36 .83x10-~  
6 7 . 3 1 ~ 1 0 ~ ~  
2 0 . 8 x 1 0 - ~  
5 . 9 7 ~ 1 0 ~ ~  
4.7 7 x 1 0 - ~  
3 5 . 5 ~ 1 0 ~ ~  
2 6 . 2 ~ 1 0 ~ ~  
1 2 . 8 3 x 1 0 - ~  
0 
0 
P
E
R
K
IN
-E
LM
E
R
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Assume t h a t  t h e  v a r i o u s  o p t i c a l  e l e m e n t s  a r e  connected t o  a  p l a t e  whose c o e f -  
f i c i e n t  of expans ion  i s  k . 1  and t h a t  t h e  l i n e a r  and r o t a t i o n a l  d i s p l a c e m e n t s  o f  
each g l a s s  e lement  a r e  i d e n t i c a l  t o  t h o s e  of  a  p o i n t  on t h e  p l a t e  c o r r e s p o n d i n g  
t o  t h e  c e n t r o i d  of t h a t  e lement .  The d i sp lacement  w i l l  be measured w i t h  r e -  
s p e c t  t o  an  a r b i t r a r y  r e f e r e n c e  p o i n t  l o c a t e d  on the  image mover r o t a t i o n  a x i s  
and midway between t h e  two r a d i a l  o p t i c a l  p a t h s .  F i g u r e  351  i l l u s t r a t e s  t h i s  
ar rangement  . 
R a d i a l  G r a d i e n t  - An u n c o n s t r a i n e d  s q u a r e  p l a t e  s u b j e c t e d  t o  a  r a d i a l  tem- 
p e r a t u r e  d i s t r i b u t i o n  deforms a s  shown: 
F i g u r e  352 . R a d i a l  Temperature  Deformat ion 
I t  i s  assumed t h a t  t h e  t empera tu re  a t  t h e  o r i g i n  does  n o t  change.  
Taking x  t o  b e  t h e  r a d i a l  d i r e c t i o n  and y  t o  be  t h e  a x i a l  d i r e c t i o n  ( p o s i t i v e  
towards t h e  p r imary) ,  t h e  above s k e t c h  d e s c r i b e s  t h e  c a s e  of a  r a d i a l  g r a d i e n t ,  
w i t h  t h e  t empera tu re  i n c r e a s i n g  l i n e a r l y  w i t h  r a d i u s .  
F i g u r e  351  d e t a i l s  t h e  d i sp lacements  of a  p o i n t  0 t o  0 '  due t o  a  g r a d i e n t  T ' .  
I t  i s  e v i d e n t  t h a t :  
2 
I f  terms i n v o l v i n g  'x a r e  n e g l e c t e d ,  i t  may be  shown t h a t  
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Tab le  47 l i s t s  t h e  r e s u l t s  f o r  each e lement  f o r  a  r a d i a l  g r a d i e n t  of 0.40°K/ 
i n c h .  Th i s  g r a d i e n t  was computed f o r  an e a r l i e r  the rmal  d e s i g n  and i s  6 t i m e s  
g r e a t e r  than  t h e  expec ted  g r a d i e n t .  
A x i a l  Grad ien t  - An u n c o n s t r a i n e d  s q u a r e  p l a t e  s u b j e c t e d  t o  a  l i n e a r  t e m p e r a t u r e  
d i s t r i b u t i o n  i n  t h e  y  d i r e c t i o n  deforms a s  shown below: 
F i g u r e  353 . L i n e a r  Temperature Deformat ion 
Comparison w i t h  t h e  s k e t c h  i n  ( a )  shows t h a t ,  i n  t h i s  c a s e :  
AX = a T t  (xy) 
6 = -aT '  (x) 
Tab le  47 l i s t s  t h e  r e s u l t s  f ~ r  each e lement  f o r  a n  a x i a l  g r a d i e n t  of 0.03"K/ 
i n c h .  Here a g a i n  t h e  g r a d i e n t  i s  i n  e x c e s s  of  t h e  a n t i c i p a t e d  g r a d i e n t  be- 
c a u s e  e a r l i e r  d e s i g n  numbers were chosen.  I t  should  be n o t e d  t h a t  the  r e -  
s u l t i n g  t i l t s  and d i s p l a c e m e n t s  a r e  f a r  s m a l l e r  than  mechanical  assembly t o l e r -  
a n c e s  normal ly  encoun te red  i n  o p t i c a l  assembly o p e r a t i o n s .  
- I t  i s  obvious  from t h e  d i s p l a c e m e n t s  and t i l t s  
p r e s e n t e d  i n  Tab le  47 and F i g u r e  354  t h a t  t h e s e  f a c t o r s  a r e  ex t remely  s m a l l  
and of no s i g n i f i c a n c e  i n  degrad ing  performance of t h e  image movers. An ex- 
a g g e r a t e d  example was chosen which had d i s p l a c e m e n t s  100 t imes  l a r g e r  t h a n  
a n t i c i p a t e d  (10-2 mm v e r s u s  10-4 mm) and t i l t s  which were 1000 t imes  g r e a t e r  
t h e n  expec ted  (10-3 r a d i a n s  v e r s u s  r a d i a n s ) .  F i g u r e  35% i s  a  p l o t  of 
sys tem a b e r r a t i o n  f o r  t h e  F, C,  and D l i n e s .  The p l o t s  i n  F i g u r e  35% show 
a  symmetr ica l  p a t t e r n  which c r o s s e s  z e r o  a t  t h e  c e n t e r ,  t h e  p l o t s  i n  F i g u r e  
355b a r e  d i s p l a c e d  downward by 7  microns  b u t  a r e  s t i l l  symmetr ica l  and a l l  
c r o s s  a t  n e a r l y  t h e  same p o i n t .  The e f f e c t  of a  7-micron s h i f t  i n  t h e  image 
a t  a  f o c a l  l e n g t h  of  10 mete r s  ( £ / l o ,  1-meter a p e r t u r e  system) i s  an o f f s e t  
e r r o r  i n  a p p a r e n t  s t a r  p o s i t i o n  of 0 , 7  x r a d i a n s  o r  0 .14 second which i s  
t o o  smal l  t o  be  of any s i g n i f i c a n c e .  I n  a c t u a l i t y ,  t h e  s h i f t  w i l l  p robab ly  be  
Figure 354 Worst-Case Tilts and Displacement 
Due to Temperature Gradients 
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two t o  t h r e e  o r d e r s  of magnitude l e s s  t h a n  t h a t  computed, because  of t h e  
g r o s s  v a l u e s  used.  Note a l s o ,  t h a t  t h e  g r a d i e n t s  chosen a r e  w o r s t - c a s e  s t a t i c  
g r a d i e n t s  which w i l l  change d u r i n g  an  o b s e r v a t i o n  by a  much s m a l l e r  amount 
t h a n  t h a t  shown. I t  i s  t h e r e f o r e  e v i d e n t  from t h e  p reced ing  d i s c u s s i o n  t h a t  
thermal  e f f e c t s  a r e  n e g l i g i b l e  on t h e  major a s p e c t s  of image mover perform- 
ance.  However, an a n a l y s i s  of index  changes i n  t h e  g l a s s  a s  a  f u n c t i o n  of 
t empera tu re  was performed t h a t  i n d i c a t e d  some changes i n  f o c u s  a s  a r e s u l t  o f  
t h i s  e f f e c t .  The f o l l o w i n g  i s  a  d i s c u s s i o n  of t h i s  i n v e s t i g a t i o n .  
E f f e c t s  of Temperature Grad ien t  on Opto-Mechanical Performance - Since  t h e  
index  of r e f r a c t i o n  o f  g l a s s  i s  a  f u n c t i o n  of t h e  temperature ,  i t  i s  p o s s i b l e  
t h a t  t h e  imagery w i l l  be degraded by v a r y i n g  o p t i c a l  i n d i c e s  i n  t h e  v a r i o u s  
g l a s s  e lements  of t h e  image mover system. I n  a d d i t i o n ,  the  t empera tu re  g r a d i -  
e n t s  w i l l  cause  d i f f e r e n c e s  i n  t h e  l e n g t h  through which t h e  l i g h t  r a y s  pass  
i n  d i f f e r e n t  p a r t s  of t h e  v a r i o u s  l e n s e s  and p r i sms .  The problem was i n -  
v e s t i g a t e d  by computing t h e  o p t i c a l  pa th  d i f f e r e n c e  through t h e  e n t i r e  image 
mover o p t i c a l  system when w o r s t - c a s e  t empera tu re  g r a d i e n t s  a r e  assumed t o  ex- 
i s t  i n  t h e  g l a s s  e lements .  The t o t a l  e f f e c t s  of t h e  l e n g t h  changes and t h e  
i n d e x  of r e f r a c t i o n  changes were then  combined and expressed  i n  terms of 
o p t i c a l  pa th  d i f f e r e n c e s  a s  shown i n  t h e  fn l lowing  e q u a t i o n :  
where 
OPD = o p t i c a l  p a t h  d i f f e r e n c e  
t  = t h e  t h i c k n e s s  of g l a s s  
n  = t h e  i n d e x  of r e f r a c t i o n  of t h e  g l a s s  
a = t h e  c o e f f i c i e n t  of expansion 
T = t h e  a b s o l u t e  t empera tu re  
The w o r s t - c a s e  g r a d i e n t  was found t o  be 0 . 0 1 5 " ~ / i n c h ,  and i t  was assumed t o  
i n c r e a s e  l a t e r a l l y  a c r o s s  each l e n s  o r  prism. 
The o p t i c a l  pa th  change (mechanical )  between t h e  l e n s e s  was of t h e  o r d e r  of 
0 . 1  micron, about  2 / 3  of which was a x i a l  movement which would r e s u l t  i n  a  
s h i f t  of  t h e  image movers ( F i g u r e  3 5 4 ) .  The a c t u a l  s h i f t  would amount t o  l e s s  
t h a n  0 . 0 2  arc-second,  s o  t h a t  t h e r e  would be no change i n  a c q u i s i t i o n .  The 
a c t u a l  g r a d i e n t s  would be more t h a n  a  f a c t o r  of 2 s m a l l e r  t h a n  assumed i n  t h i s  
c a l c u l a t i o n .  
I t  was t h e r e f o r e  concluded t h a t  t h e  image movers were a d e q u a t e l y  s t a b l e  from 
t h i s  "mechanical" p o i n t  of view. 
The nex t  a r e a  i s  one t h a t  w i l l  be  termed "Optical". D i f f e r e n c e s  i n  t empera tu re  
w i l l  y i e l d  d i f f e r e n c e s  i n  l e n g t h  and d i f f e r e n c e s  i n  t h e  index  of r e f r a c t i o n .  
We may combine the  terms from t h e  above e q u a t i o n  which a r e  dependent on t h e  
g l a s s  used,  i n  t h e  form: 
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so t h a t :  
OPD = t rAT 
where r i s  a  c h a r a c t e r i s t i c  of the  l a s s  used. For most g l a s se s ,  r l i e s  with-  
i n  the  range from 1 t o  11 times lo-%, so  t h a t  we may assume a va lue  of a s  
a  worst-case s i t u a t i o n  with no at tempt  t o  a thermal ize  the elements by balan-  
c ing  the  r' s .  Thus, we may w r i t e  : 
- 5 OPD = tAT x 10 
Assume, f o r  convenience, an a x i a l  g rad ien t  of 1°K per inch, o r  0.04"K/mm. 
The temperature change across  t he  f i r s t  prism w i l l  be 0.8"K, and the  path 
length  through i t  r a d i a l l y  w i l l  be of the  order  of 50 mm. Thus, the  OPD f o r  
the two extreme r a y s  w i l l  be: 
- 5 
x 50 x 0.8 = 40 x 10 mm = 0.4 micron 
I n  a c t u a l i t y  the a x i a l  g rad ien t  w i l l  be more l i k e  0.008"K and the  r e s u l t i n g  
OPD w i l l  be h/150. 
This  change ac ros s  the 2&mm width would be equiva len t  t o :  
- 7 3' = 1.67 x 10 rad ians  = 0.03 second 
20 x 10 3 
Consider next  t he  second prism. The path through t h i s  a t  r i g h t  ang le s  t o  the 
g rad ien t  i s  l e s s  than 20 mm, so  t h a t  t h e  angular  s h i f t  i s  only 215 of t he  
previous one, or 0.012 arc-second. The remaining element wi th  l i g h t  r a y s  
or thogonal  t o  t he  g rad ien t  i s  t he  l ens ,  wi th  a  thickness  of roughly 15 mm, 
s o  t h a t  the s h i f t  would be 15/50 of t he  f i r s t ,  or  0 .01 arc-second. 
Thug we have a  s h i f t  i n  the  top (near the  primary) element of 0.03 arc-second 
and i n  the o ther  arm a s h i f t  of 0.02 arc-second. These s h i f t s  w i l l  add or  
s u b t r a c t  according t o  the pos i t i on  of t he  image mover, so t h a t  the  s h i f t  fo r  
a  0.008"K/inch a x i a l  g rad ien t  w i l l  range from 0.01 arc-second t o  0.05 a r c -  
second. There i s  approximately a  200:l  reduct ion  i n  these  angles  because of 
the r a t i o  of foca l  l eng th ;  t he re fo re ,  t he  maximum e f f e c t  i s  of the  order  of 
arc-second f o r  the assumed a x i a l  g rad ien t .  Because of the  d i f f e r e n c e s  
i n  the  r a d i a l  and a x i a l  path length  of the r ays  i n  the  g l a s s ,  the  e f f e c t  of a  
r a d i a l  g rad ien t  would be l e s s  than h a l f  of t h i s .  Since these  e f f e c t s  a r e  
much l e s s  than the  previous ones, i t  i s  s a f e  t o  assume t h a t  no a b e r r a t i o n s  a r e  
added t o  the  image. 
Report No. 9800 
At the operational temperature range of 30°K (257°K for hot orbit, 227°K i o r  
cold orbit) the gradients expected in the image nlover will have a negligible 
effect on the optical performance. However, some compensation for the focal 
shifts resulting from the variation of refractive index with temperature may 
be necessary. 
Mechanisms 
The mechanical problem inherent in the image mover concept is essentially the 
implementation of small, precise structures and mechanisms in severely limited 
space in a manner compatible with the required launch and orbital environ- 
ments. The problem areas of particular significance include the following: 
I. The image mover assembly must be as compact as possible because 
of the optical design and required performance characteristics of the over- 
all system. The available dimension along the telescope axis is restricted 
by the back focal length from the corrector lenses to the £110 focal plane. 
Further, the requirement for a 3-arc-minute guidance field, limitations on the 
speed of the image mover elements, and the position of the telescope's exit 
pupil combine to require that the total path length through the image movers 
be as short as possible. 
2. The nature of the system is such that enclosure of the image mover 
mechanisms in hermetically sealed chambers would be exceedingly cumbersome. 
In the absence of such enclosures, the image mover mechanisms must operate 
in the hard-vacuum environment. This is a severe restriction on the design 
of rotating or translating devices. 
3. The performance requirements dictate that the image mover positions 
be adjustable in small increments (y 1.0 arc-second), be known accurately 
(, 1.0 arc-second), and be stable during an exposure (to -1.0 arc-second). 
The scale factor in the correct focal plane is such that 1.0 arc-second cor- 
responds to 0.0022 inch. 
4. As indicated earlier, the thermal characteristics of the image 
mover mechanisms must be carefully considered. The interface between the 
optical elements and their supporting members must be compatible with the 
anticipated temperature extremes, and the entire mechanism must be insensi- 
tive to thermal perturbations of alignment or position. 
Recommended Mechanisms - The recommended mechanical and optical arrangement 
of the image movers is indicated by Figure 350. The configuration shown 
represents the results of design efforts which have not as yet included de- 
tailed layout work or selection of specific components. However, an attempt 
has been made to recognize the key problem areas, to select practical and 
realistic hardware, and to indicate components compatible with the current 
state of the art. 
As previously indicated, the function of each image mover is to relay an 
image from any selected point in the guidance field of the telescope to a 
fixed point adjacent to the on-axis image. The device shown accomplishes 
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t h i s  f u n c t i o n  w i t h  a n  o p t i c a l  sys tem c a r r e i d  by two r o t a t i n g  arms. The lower  
arm r o t a t e s  abou t  a  f i x e d  a x i s  p a r a l l e l  t o  t h a t  of t h e  t e l e s c o p e ,  w h i l e  t h e  
upper arm r o t a t e s  abou t  a  second a x i s  c a r r i e d  by t h e  ou tboard  end of  t h e  lower 
arm and a l s o  p a r a l l e l  t o  t h e  t e l e s c o p e  a x i s .  
A t  any g i v e n  p o s i t i o n ,  a  n e g a t i v e  l e n s  a t  t h e  o u t b o a r d  end of  t h e  upper  r o t a t i n g  
arm i n t e r c e p t s  and c o l l i m a t e s  t h e  converg ing  beam of l i g h t  which emerges from t h e  
l a s t  c o r r e c t o r  e lement  and would o t h e r w i s e  come t o  a  f o c u s  i n  t h e  c o r r e c t e d  f o c a l  
p l a n e .  A p r i s m  f o l d s  t h e  c o l l i m a t e d  beam a l o n g  t h e  upper arm and t h e n  down t h e  
a x i s  c o n n e c t i n g  t h e  two arms. A second f o l d i n g  p r i sm d i r e c t s  t h e  beam a l o n g  t h e  
lower arm and t h r o u g h  a  p o s i t i v e  l e n s  where i t  i s  r e f o c u s e d .  A t h i r d  f o l d  d i r e c t s  
t h e  converg ing  bund le  down t h e  f i x e d  a x i s  abou t  which t h e  lower arm r o t a t e s .  A 
s m a l l  f o l d i n g  f l a t  d i v e r t s  t h e  c e n t r a l  1.0 arc-minute  d iamete r  p o r t i o n  of t h e  beam 
i n  a  manner such  t h a t  i t  comes t o  a  f o c u s  a t  t h e  d e s i r e d  p o i n t  a d j a c e n t  t o  t h e  on- 
a x i s  o b j e c t  s t a r  image, from which p o i n t  it  i s  r e l a y e d  by t h e  mic roscope  t o  t h e  
f i n e  guidance sys tem.  The remainder  of t h e  beam, 3.0-arc-minute ou te r -d iamete r ,  
i s  s p l i t  i n t o  f o u r  s e p a r a t e  bund les  by a  d i v i d i n g  pr ism.  These bund les  a r e  t h e n  
r e l a y e d  t o  t h e  c o a r s e  guidance system, t h e  d e t a i l s  o f  which a r e  n o t  h e r e i n  
cons ide red .  
The f o l d e d  axes  of  t h e  n e g a t i v e  and p o s i t i v e  l e n s e s  a r e  bo th  c o i n c i d e n t  w i t h  t h e  
arm r o t a t i o n  axes ,  s o  arm r o t a t i o n s  do  no t  a l t e r  t h e  o p t i c a l  c h a r a c t e r i s t i c s  o f  
t h e  image movers. 
The p o s i t i o n  of each arm i s  i n d i c a t e d  by a  d i r e c t l y  coupled d i g i t a l  s h a f t  encoder  
c o n s i s t i n g  of a n  a c c u r a t e  g l a s s  code d i s k ,  a  r a d i o a c t i v e  o r  s o l i d - s t a t e  g a l l i u m  
a r s e n i d e  l i g h t  s o u r c e ,  and a n  a p p r o p r i a t e  s e n s o r .  
The upper  arm i s  d r i v e n  w i t h  r e s p e c t  t o  t h e  lower  arm and t h e  lower arm i s  d r i v e n  
w i t h  r e s p e c t  t o  t h e  t e l e s c o p e  s t r u c t u r e  by g e a r e d  s t e p p i n g  motors .  I n  each case ,  
t h e  arms r o t a t e  on p r e c i s i o n  b a l l  b e a r i n g s  d e s i g n e d  f o r  c o m p a t i b i l i t y  w i t h  t h e  
hard-vacuum environment ,  The d e t e n t  c h a r a c t e r i s t i c s  of t h e  s t e p p i n g  motors  
a s s u r e  maintenance of  t h e  arm p o s i t i o n s .  
F e a t u r e s  
o  The o p t i c a l  p a t h  l e n g t h  th rough  a n  image mover ' s  o p t i c s  
i s  c o n s t a n t  f o r  any p o s i t i o n  of  t h a t  image mover. 
o  The f i r s t  and second 90-degree f o l d s  may be accomplished w i t h  a  
one p i e c e  pr ism.  The use  of such a  pr ism,  i n  c o n j u n c t i o n  w i t h  
t h e  use  of a  p r i sm f o r  t h e  t h i r d  f o l d ,  r e s u l t s  i n  t h e  o p t i c a l  
Report  No. 9800 
p a t h  between t h e  n e g a t i v e  and p o s i t i v e  l e n s e s  b e i n g  a lmost  en- 
t i r e l y  th rough  g l a s s .  T h i s  r educes  t h e  d i v e r g e n c e  of t h e  bund les  
c o r r e s p o n d i n g  t o  t h e  edges  of  t h e  3-arc-minute  guidance 
f i e l d ,  and hence r e d u c e s  t h e  r e q u i r e d  d i a m e t e r  (and speed)  of  
t h e  p o s i t i v e  l e n s  group.  A one-p iece  p r i sm i n  t h e  upper arm a l s o  
p e r m i t s  t h e  e f f i c i e n c y  of  i n t e r n a l  r e f l e c t i o n ,  s i m p l i f i e s  t h e  
i n i t i a l  a l ignment  p rocedures ,  and r e d u c e s  t h e  number of  o p t i c a l  
e l ements  t o  be mounted. 
The use  of a  d u a l - r o t a t i o n  sys tem p e r m i t s  i d e n t i c a l  o r  n e a r l y  
i d e n t i c a l  d r i v e  mechanisms and encoders  f o r  each of t h e  two 
mot ions .  
The f i e l d  coverage of each image mover i s  somewhat g r e a t e r  
t h a n  cou ld  be o b t a i n e d  under s i m i l a r  c i r c u m s t a n c e s  w i t h  t h e  
o r i g i n a l  r o t a t i o n - t r a n s l a t i o n  approach.  
The p r i n c i p l e  l i m i t a t i o n  on f i e l d  coverage i s  imposed by t h e  l i m i t e d  r o t a t i o n  
of t h e  lower arm b e f o r e  i n t e r f e r e n c e  o c c u r s  w i t h  t h e  l i g h t  bund le  r e f l e c t e d  by 
t h e  microscope o b j e c t i v e  m i r r o r .  (The o u t l i n e  of t h i s  bund le  a t  t h e  p o i n t  
where i t  c r o s s e s  t h e  t e l e s c o p e  a x i s  i s  i n d i c a t e d  by d o t t e d  l i n e s  i n  F i g u r e  350. 
De te rmina t ion  of t h e  p r e c i s e  l i m i t i n g  a n g l e s  of t h e  lower arm r e q u i r e s  d e t a i l e d  
l a y o u t  t o  a  d e g r e e  n o t  war ran ted  by t h e  p r e s e n t  s t a t u s  of t h e  des ign ,  b u t  i t  i s  
e v i d e n t  t h a t  t h e  f i e l d  coverage w i l l  be q u a l i t a t i v e l y  a s  shown i n  F i g u r e 3 5 6  . 
T h i s  f i g u r e  assumes t h a t ,  a s  shown i n  F i g u r e 3 5 0 ,  t h e  d i s t a n c e  from t h e  n e g a t i v e  
l e n s  a x i s  t o  t h e  upper arm r o t a t i o n  a x i s  i s  i d e n t i c a l  t o  t h e  d i s t a n c e  between t h e  
two r o t a t i o n  axes  on t h e  lower arm. The shaded a r e a  i s  i n a c c e s s i b l e .  It i s  
e v i d e n t  t h a t  t h e  coverages  of t h e  two image movers o v e r l a p ,  and t h a t  c o o r d i n a t i o n  
o r  i n t e r l o c k i n g  i s  n e c e s s a r y  t o  p r e v e n t  i n t e r f e r e n c e  between t h e  two. It i s  
a l s o  e v i d e n t  t h a t ,  f o r  a n  a n g u l a r  r ange  from t h e  lower arm of  l e s s  t h a n  +90 
degrees ,  a  "b l ind"  a r e a  d i v i d e s  t h e  a c c e s s i b l e  p o r t i o n  of t h e  f i e l d  i n t o  two 
p a r t s .  The r e l a t i v e  s i z e  o f  t h e  i n a c c e s s i b l e  a r e a s  may b e  a d j u s t e d  t o  some degree  
by a l t e r i n g  t h e  l e n g t h  of t h e  upper arm. It i s  p l a i n ,  however, t h a t  t h e  f i n a l  
d e s i g n  of t h e  sys tem shou ld  i n c l u d e  among i t s  o b j e c t i v e s  a  lower arm a n g u l a r  
r ange  a s  c l o s e  a s  p o s s i b l e  t o  t 9 0  degrees .  
The b e a r i n g s  must b e  of good p r e c i s i o n  and must b e  compat ib le  w i t h  t h e  h a r d  
vacuum environment .  These requ i rements  a r e  not  unique,  and a  number o f  p o s s i b l e  
s o l u t i o n s  a r e  a v a i l a b l e .  Among t h e  most promis ing,  a t  l e a s t  on t h e  b a s i s  of 
p r e l i m i n a r y  e v a l u a t i o n ,  a r e  b a l l  b e a r i n g s  des igned  s p e c i f i c a l l y  f o r  vacuum 
Jx 
environments  by s e v e r a l  m a n u f a c t u r e r s .  These b e a r i n g s  a r e  outwardly  
c o n v e n t i o n a l  w i t h  s t e e l  r a c e s  and b a l l s ,  b u t  f e a t u r e  p h e n o l i c  r e t a i n e r s  
Jx 
e .g . ,  "Bartemp" b e a r i n g s  - Barden Co. 
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impregnated w i t h  a p p r o p r i a t e  s o l i d  l u b r i c a n t s ,  I n  o p e r a t i o n ,  vacuum welding o f  
b a l l s  and r a c e s  i s  p reven ted  by t r a n s f e r a l  of  mic roscop ic  q u a n t i t i e s  o f  s o l i d  
l u b r i c a n t  from t h e  r e t a i n e r  t o  t h e  b a l l s .  
C a r e f u l  a d d i t i o n a l  development e f f o r t  shou ld  be ~ e r f o r m e d  i n  t h i s  a r e a  s i n c e  
d i r e c t l y  a p p l i c a b l e  performance d a t a  a r e  q u i t e  l i m i t e d .  It does  appear ,  however, 
t h a t  t h e  b e a r i n g  problem i s  amenable t o  s a t i s f a c t o r y  s o l u t i o n .  
I n  o r d e r  t o  e n a b l e  t e l e m e t r y  of t h e  image mover p o s i t i o n s  t o  t h e  ground s t a t i o n ,  
some means of  encoding t h e  a n g u l a r  p o s i t i o n s  of t h e  upper  and lower image m3ver 
arms i s  r e q u i r e d .  Proposed o p e r a t i n g  t e c h n i q u e s  r e q u i r e  t h a t  t h e  image mover 
p o s i t i o n s  be known t o  abou t  1 .0  a rc - second  i n  t h e  f o c a l  p l a n e .  I n  terms of t h e  
a n g u l a r  p o s i t i o n s  of  t h e  image mover arms, which a r e  shown a s  abou t  2 .0  i n c h e s  
long, 1 . 0  a rc - second  cor responds  t o  arm r o t a t i o n s  of  3 .7  a r c - m i n u t e s .  On t h i s  
b a s i s ,  a  d e s i g n  o b j e c t i v e  was e s t a b l i s h e d  of  implementing d i g i t a l  encoding d e v i c e s  
w i t h  a  r e s o l u t i o n  o n  t h e  o r d e r  of  214 b i t s  p e r  r e v o l u t i o n  ( 1 . 3  a r c - m i n u t e s ) .  
It was a l s o  assumed t h a t  t h e  encoder  o u t p u t  shou ld  be a b s o l u t e  a s  opposed t o  
i n c r e m e n t a l .  Because g e a r  t r a i n  a c c u r a c i e s  on t h e  o r d e r  of 1 . 0  a rc -minu te  i n  
t h e  s m a l l  s i z e s  n e c e s s a r y  f o r  t h i s  a p p l i c a t i o n  a r e  of b o r d e r l i n e  f e a s i b i l i t y ,  
i t  was f u r t h e r  de te rmined  t h a t  e v e r y  e f f o r t  shou ld  be made t o  c o u p l e  t h e  e n -  
coding d e v i c e s  d i r e c t l y  t o  t h e  p i v o t  a x e s .  
A b r i e f  s u r v e y  of t h e  c u r r e n t  s t a t e  of  t h e  a r t  i n  m i n i a t u r e  s h a f t  encoders  
i n d i c a t e d  t h a t  h i g h  r e s o l u t i o n  i s  b e s t  accomplished by o p t i c a l  e n c o d e r s .  It 
was a l s o  e v i d e n t  t h a t  r e s o l u t i o n  o f  214 b i t s  p e r  r e v o l u t i o n  cou ld  be  o b t a i n e d  
w i t h  a n  encoding d i s k  s m a l l  enough i n  d i a m e t e r  t o  be  i n c o r p o r a t e d  i n  t h e  a v a i l a b l e  
space ,  b u t  t h a t  t h e  p h y s i c a l  c o n f i g u r a t i o n  of s t a n d a r d ,  commercia l ly  a v a i l a b l e  
u n i t s  would n o t  pe rmi t  d i r e c t  c o u p l i n g  t o  t h e  p i v o t  a x e s .  It i s  t h u s  recommended 
t h a t ,  a s  shown i n  F i g u r e  3 5 0 ,  t h e  image movers i n 2 o r p o r a t e  cus tom-designed s h a f t  
encoders  based upon p r e c i s i o n  g l a s s  encoding d i s k s  mounted d i r e c t l y  t o  e a c h  r o t a -  
t i o n  a x i s .  F o r  maximum ruggedness  and r e l i a b i l i t y ,  t h e s e  encoders  shou ld  u t i l i z e  
e i t h e r  r a d i o a c t i v e  l i g h t  s o u r c e s  o r  s o l i d - s t a t e  g a l l i u m  a r s e n i d e  l i g h t  s o u r c e s  
and s i l i c o n  d e t e c t o r s ,  c u r r e n t l y  o f f e r e d  by s e v e r a l  encoder  m a n u f a c t u r e r s .  
Note t h a t ,  on  t h e  p i v o t  f o r  t h e  lower arm, t h e  encoder  d i s k  i s  on t h e  f i x e d  s i d e  
of t h e  p i v o t  and i s  p a r t i a l l y  c u t  a w a y , w h i l e  t h e  l i g h t  s o u r c e  and d e t e c t o r  
r o t a t e  w i t h  t h e  arm. T h i s  arrangement i s  d i c t a t e d  by t h e  need t o  avoid  o b s t r u c -  
t i o n  of  t h e  f  /10  s p e c t r o g r a p h  beam. 
The s e l e c t i o n  of a  means f o r  d r i v i n g  t h e  arms i s  governed by t h e  need t o  move 
t h e  image movers i n  inc rements  c o r r e s p o n d i n g  t o  abou t  0 . 5  a rc - second  i n  t h e  t e l e -  
scope f i e l d ,  i .e  ., a  r e a s o n a b l y  s m a l l  f r a c t i o n  of  t h e  s p e c t r o g r a p h  e n t r a n c e  s l i t  
d imens ion .  P o s i t i o n  changes  of  0 . 5  a rc - second  cor respond  t o  image mover arm 
r o t a t i o n s  o f  a p p r o x i m s t e l y  2.0 a rc -minu tes  . 
A s u r v e y  of a v a i l a b l e  t echn iques  showed t h a t  s m a l l  s t e p p i n g  motors w i t h  a p p r o p r i a t e  
r e d u c t i o n  g e a r i n g  p r o v i d e  a  p r a c t i c a l  means of accompl i sh ing  such  m o t i o n s .  These 
motors a r e  a v a i l a b l e  i n  s m a l l  s i z e s  and w i t h  a n g u l a r  s t e p s  of from 2  t o  45 d e g r e e s .  
The l a t t e r  v a l u e  would r e q u i r e  a  g e a r  r e d u c t i o n  r a t i o  of  (45 x  6 0 ) / 2 . 0  = 1350 t o  
produce 2 .0-arc-minute  arm mot ions .  A major p o r t i o n  of  t h i s  r e d u c t i o n  might w e l l  
be accomplished w i t h  a  harmonic d r i v e  s t a g e ,  which o f f e r s  t h e  advan tage  of  l a r g e  
r e d u c t i o n  r a t i o s  i n  a  compact package.  
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It  i s  i n e s c a p a b l e ,  of c o u r s e ,  t h a t  i n a c c u r a c i e s  i n  t h e  g e a r  red t i c t ion  t r a i n  w i l l  
l e a d  t o  cumula t ive  e r r o r s  i n  e x c e s s  of tlie encoder r e s o l u t i o n  p r e v i o u s l y  d e s c r i b e d ,  
p a r t i c u l a r l y  s i n c e  t h e  g e a r s  must be s m a l l  and t h e i r  d e s i g n  must i n c l u d e  c o n s i d e r a -  
t i o n  of t h e  vacuum env i ronnen t  . These e r r o r s  a r e  of  no consequence,  however, i f  
t h e  o p e r a t i n g  procedure  i s  such t h a t  t h e  image mover i s  i n s t r u c t e d  t o  "home" on 
s p e c i f i e d  encoder r e a d i n g s .  Such a  t echn ique  could  u t i l i z e  on-board e l e c t r o n i c s  
o r  ground s t a t i o n  computing c a p a b i l i t i e s ,  and i n  e i t h e r  c a s e  would be q u i t e  s t r a i g h t -  
fo rward .  
An impor tan t  q u e s t i o n  i s  t h a t  of how t h e  p o s i t i o n s  of t h e  two r o t a t i n g  arms, once 
s e t ,  a r e  r e l i a b l y  m a i n t a i n e d .  A v a r i e t y  of cag ing  o r  c lamping t echn iques  t o  he  
a c t i v a t e d  once t h e  d e s i r e d  p 3 s i t i o n  i s  ob ta ined  were i n v e s t i g a t e d .  However, t o  
u t i l i z e  such a n  approach t h e  d r i v i n g  mechanism would have t o  be disengaged o r  
backed o f f  when t h e  clamping d e v i c e s  were a c t u a t e d ,  and b o t h  a c t i o n s  would have 
t o  be accomplished w i t h o u t  a l t e r i n g  t h e  d e s i r e d  p o s i t i o n .  The mechanical  problems 
invo lved  i n  implementing such d e v i c e s  i n  t h e  l i m i t e d  a v a i l a b l e  space  a r e  unneces-  
s a r i l y  complex. The p r e f e r a b l e  a l t e r n a t i v e  i s  t o  u t i l i z e  t h e  d e t e n t  c h a r a c t e r i s  - 
t i c s  t y p i c a l l y  f e a t u r e d  by s m a l l  s t e p p i n g  motors .  The d e t e n t  may be e i t h e r  mechani- 
c a l  o r  magnetic,  but  i n  e i t h e r  c a s e  would be ample t o  s e c u r e l y  lock  t h e  arms i n  
p o s i t i o n ,  p a r t i c u l a r l y  s i n c e  t h e r e  i s  no p l a u s i b l e  s o u r c e  of c o n s e q u e n t i a l  f o r c e s  
t o  move t h e  arms. T h i s  approach does ,  of c o u r s e ,  r e q u i r e  t h a t  a l l  g e a r - t r a i n  
b a c k l a s h  be p re loaded  o u t .  
The geared  s t e p p i n g  motor would a lmos t  c e r t a i n l y  be a  s p e c i a l l y  des igned  u n i t ,  
s i n c e  t h e r e  does  n o t  appear  t o  be a  stoclc i t e m  .clhich f u l f i l l s  a l l  of t h e  n e c e s -  
s a r y  requ i rements .  As w i t h  t h e  encoders ,  however, an  e f f o r t  has  been made t o  
s e l e c t  performance c h a r a c t e r i s t i c s  and s i z e s  which a r e  compat ib le  w i t h  t h e  c u r -  
r e n t  s t a t e  of t h e  a r t  f o r  such d e v i c e s .  
The c m p l e t e  image mover assembly i s  housed i n  and suppor ted  by a n  e n c l o s u r e  
c o n s i s t i n g  of a  c y l i n d r i c a l  housing roughly a  f o o t  i n  d i a m e t e r  and c l o s e d  a t  i t s  
a f t  end by a  s t i f f e n e d  bulkhead o r  p l a t e .  Th i s  p l a t e  s u p p o r t s  t h e  hollow py lon  
which c a r r i e s  t h e  c o a r s e  gu idance  d i v i d i n g  pr ism and t h e  lower b e a r i n g  f o r  t h e  
lower image mover arm r o t a t i o n  a x i s .  The upper b e a r i n g  f o r  t h a t  a x i s  i s  c a r r i e d  
by a  beam which t r a v e r s e s  a  d iamete r  of t h e  c y l i n d r i c a l  hous ing .  The c r o s s - s e c t i o n  
of t h i s  beam would be nonuniform and des igned  f o r  maximum bending and t o r s i o n a l  
r i g i d i t y  c o n s i s t e n t  w i t h  t h e  a v a i l a b l e  s p a c e .  A c e n t r a l  h o l e  th rough  t h e  beam 
p e r m i t s  passage of t h e  £110 o b j e c t - s t a r  o p t i c a l  beam. S i m i l a r l y ,  c u t - o u t s  i n  t h e  
w a l l s  of t h e  c y l i n d r i c a l  housing p reven t  o b s t r u c t i o n  3f t h e  microscope o p t i c a l  beams . 
The s t r u c t u r a l  hous ing  which e n c l o s e s  and s u p p o r t s  t h e  image movers a l s o  s e r v e s  
a s  a n  e f f e c t i v e  t r a n s i t i o n  member between t h e  primary m i r r o r  s u p p o r t s  a t  i t s  
forward end and t h e  r e s t  of t h e  ins t rument  package a t  i t s  a f t  end .  A s  i n d i c a t e d  
e l sewhere ,  t h i s  approach i s  c o n s i s t e n t  w i t h  t h e  t h e r m a l l y  advantageous  concep t  of 
m u l t i p l e  chambers, e a c h  a t  a  d i f f e r e n t  nominal t e m p e r a t u r e .  
The m 3 t e r i a l  f o r  t h e  image mover arms should p rov ide  t h e  c l o s e s t  p o s s i b l e  match 
t o  t h e  the rmal  c o e f f i c i e n t  of t h e  o p t i c a l  e lements  suppor ted  by t h e  arms.  On 
t h i s  b a s i s ,  t i t a n i u m  i s  a p robab le  s e l e c t i o n .  
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Given a  reasonable thermal  match between t h e  arms and the  o p t i c a l  elements,  
t h e  mounting of t hose  elements i s  cons iderably  s i m p l i f i e d .  It i s  considered 
h ighly  probable t h a t  adhesive bonding t o  smal l  c i r c u l a r  pads w i l l  prove t o  b e  
a  completely s a t i s f a c t o r y  means of mounting t h e  var ious  elements,  a s  i nd ica t ed  
by Figure  350. As w i t h  any nonadjustable  assembly, of course ,  such a  technique 
r equ i r e s  c a r e f u l  c o n t r o l  of i n i t i a l  a l ignment .  
Er ror  Analysis  
Cons idera t ion  of t h e  e r r o r s  inherent  t o  t he  image mover mechanisms he re in  
descr ibed  leads t o  two p e r t i n e n t  ques t ions :  
1) How a c c u r a t e l y  can  a n  image be pos i t ioned  a t  any 
g iven  s e t  of coord ina tes?  
2) What i s  t h e  geometr ica l  s t a b i l i t y  of t he  mechanisms 
during a n  exposure? 
For succes s fu l  opera t ion ,  t h e  answer t o  t h e  l a t t e r  ques t ion  must be l e s s  t han  0 .01  
arc-second . I n  t h e  absence of consequent ia l  dynamic fo rces ,  t he  p r i n c i p a l  p e r t u r -  
ba t ions  w i l l  be thermal .  As descr ibed elsewhere i n  t h i s  r e p o r t ,  worst-case approxi -  
mations of poss ib l e  thermal  e f f e c t s  provide a  cons iderable  degree of confidence 
i n  t he  s t a b i l i t y  of t h e  image movers. 
The accuracy wi th  which t h e  image movers can  be i n i t i a l l y  pos i t ioned  depends on 
t h e  r e s o l u t i o n  of t h e  encoder and upon t h e  mechanical p r e c i s i o n  of t he  var ious  
moving components. As previous ly  ind ica t ed ,  t h e  d e s i r e d  accuracy of 1.0 a r c -  
second i n  t h e  ob jec t  f i e l d  corresponds t o  0.0022 inch  i n  t h e  £111 f o c a l  plane 
and t o  arm r o t a t i o n s  of s l i g h t l y  l e s s  than  4 arc-minutes .  
The g l a s s  encoder d i s k s  can  be made t o  extremely h igh  geometr ica l  accu rac i e s ,  
on the  o rde r  of a n  arc-second o r  l e s s ,  s o  t h a t  no consequent ia l  e r r o r  w i l l  be 
cont r ibu ted  by t h e  dislc i t s e l f .  The accu rac i e s  w i th  which t h e  d i s k s  may be read 
a r e  t y p i c a l l y  plus  o r  minus one r e s o l u t i o n  element which, i n  t h e  case  of a  214 
encoder d i sk ,  would be t 1 . 3  arc-minutes,  corresponding t o  20.32 arc-second i n  t h e  
ob jec t  f i e l d .  
An a d d i t i o n a l  source of e r r o r  i s  e c c e n t r i c i t y  of t h e  encoder d i s k s  with t h e i r  
r e spec t ive  r o t a t i o n  axes .  Assuming t h a t  t h e  mechanical cen te r ing  of t he  d i s k s  and 
t h e  run-out of t h e  bear ings  may be held t o  a  n e t  e c c e n t r i c i t y  of 0.0002 inch and 
t h a t  t h e  outermost encoder t r a c k  i s  a t  a  r ad ius  of 1 .0  inch ,  a  peak angular  e r r o r  
of about t 0 .7  arc-minute r e s u l t s ,  corresponding t o  about '0.18 arc-second i n  the  
ob jec t  f i e l d .  
The p r i n c i p a l  remaining sources of inaccuracy a r e  e r r o r s  i n  l oca t ing  t h e  lower 
r o t a t i o n  axes and e r r o r s  i n  knowing t h e  lengths of t h e  two arms. Assuming t h a t  
each of t hese  parameters may be determined wi th  20.001 inch,  t he  r e s u l t i n g  e r r o r s  
i n  each case  w i l l  be t0 .45 arc-second i n  the  ob jec t  f i e l d .  
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Although a  d e t a i l e d  s t u d y  has  n o t  been made of t h e  v a r i o u s  ways i n  which t h e  e r r o r  
s o u r c e s  c o n s i d e r e d  above might v e c t o r i a l l y  add a t  d i f f e r e n t  p l a c e s  i n  t h e  f i e l d ,  
i t  i s  e v i d e n t  t h a t  t h e  c a p a b i l i t y  of t h e  sys tem i s  compat ib le  w i t h  t h e  d e s i r e d  
1 . 0  a r c s e c o n d  p o s i t i o n i n g  a x i s .  Th i s  c o n c l u s i o n  i s  s u b s t a n t i a l l y  r e i n f o r c e d  by 
t h e  o b s e r v a t i o n  t h a t  a l l  of t h e  mechanical  e r r o r  s o u r c e s  c o n s i d e r e d  above would 
be h i g h l y  r e p e a t a b l e  and hence t h e i r  e f f e c t s  c a n  be c a l i b r a t e d .  
I m p l i c a t i o n s  t o  Thermal Design 
En o r d e r  t o  minimize the rmal  g r a d i e n t s  i n  t h e  image movers, i t  was dec ided  t o  
mount them i n  a  drum-type c a s t i n g  of aluminum. A c e n t r a l  s e c t i o n  of t h e  
c a s t i n g  (12-inch d i a m e t e r )  would be des igned  t o  i s o l a t e  t h e  image movers from 
t h e  remainder  of t h e  exper iment  package.  Th is  compartment would a l s o  be used 
t o  mount a l l  t h e  c r i t i c a l  o p t i c a l  components such a s  t h e  f o l d i n g  f l a t s ,  t h e  
s p e c t r o g r a p h  p r e d i s p e r s e r  and e c h e l l e  g r a t i n g ,  and t h e  imaging microscopes .  
I n  t h i s  manner, a l l  t h e  key o p t i c a l  component a r e  t i e d  c l o s e l y  t o g e t h e r  i n  
a  near  i sotherma l compartment. 
It i s  a l s o  d e s i r a b l e  t o  have a the rmal  d e s i g n  f o r  t h e  pr imary m i r r o r  c e l l  such 
t h a t  t h e  m i r r o r  i s  t h e r m a l l y  coupled t o  a  conduc t ing  backing p l a t e  which a i d s  i n  
minimizing t r a n s v e r s e  g r a d i e n t s  and reduc ing  the rmal  g r a d i e n t s  a t  t h e  m i r r o r  
mounting p o i n t s .  T h i s  backing p l a t e  w i l l  t end  t o  sp read  h e a t  around a t  t h e  
back o f  t h e  pr imary and t h e r e b y  o f f e r  some the rmal  advan tages  o f  a  m e t a l  m i r r o r .  
H e a t - d i s s i p a t i n g  components i n  t h e  exper iment  package a r e  a lmos t  c o m p l e t e l y  con- 
f i n e d  t o  a  r e a r  s e c t i o n  of t h e  package.  The p l a n  i n  t h e  t h e r m a l  d e s i g n  i s  t o  
i n s u l a t e  t h e  primary from t h e s e  h e a t - g e n e r a t i n g  components and t o  use  t h e  back 
end of t h e  exper iment  package a s  t h e  h e a t  s i n k  s u r f a c e .  A b u f f e r  compartment o r  
c o l d  chamber i n  back of t h e  p r imary  would h e l p  i n  t h i s  t h e r m a l  i s o l a t i o n  of t h e  
p r imary .  The drum c o n f i g u r a t i o n  c a n  a l s o  be e f f e c t i v e l y  used a s  t h e  b u f f e r  zone 
o r  c o l d  chamber t o  i s o l a t e  t h e  pr imary from t h e  e l e c t r o n i c s  i n  t h e  i n s t r u m e n t  
s e c t i o n .  
The s p e c i f i c  advan tages  of mounting t h e  image movers i n  t h i s  drum c o n f i g u r a t i o n  
a r e  l i s t e d  below: 
e It t h e r m a l l y  and mechan ica l ly  coup les  a l l  t h e  
c r i t i c a l  o p t i c a  1 components. 
e It c a n  be used a s  a  conduc t ing  m e t a l  backing p l a t e  
f o r  t h e  pr imary m i r r o r ,  
It c a n  be used a s  t h e  m i r r o r  c e l l  f o r  mounting t h e  p r imary  
and f o r  m e c h a n i c a l l y  mounting t h e  key o p t i c a l  e lements  t o  t h e  
t e l e s c o p e  t u b e .  
e An e f f e c t i v e  b u f f e r  zone between t h e  primary and i n s t r u m e n t  
package e l e c t r o n i c s  i s  a  l s o  a c h i e v e d .  
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Conclusions  and liec ommendat i o n s  
The p reced ing  a n a l y s i s  demons t ra tes  t h e  f e a s i b i l i t y  oi: t h e  image mover concep i  
and i t s  a p p l i c a t i o n  t o  t h e  LTEP. By c o n t r o l l i n g  t h e  the rmal  environment of tlte 
image movers, p o s s i b l e  d e g r a d a t i o n  i n  o p t i c a l  performance due t o  t empera tu re  
g r a d i e n t s  and changes i n  t empera tu re  g r a d i e n t s  c a n  be e l i m i n a t e d .  However, i t  
w i l l  be necessa ry  t o  p rov ide  a mechanical  and o p t i c a l  d e s i g n  which compensates 
f o r  f o c a l  s h i f t s  caused by changes i n  r e f r a c t i v e  index  a s  a f u n c t i o n  of t e m p e r a t r ~ r e .  
This  requirement  was known and a n t i c i p a t e d  a t  t h e  beg inn ing  of t h e  s t u d y .  What 
had t o  be d e f i n e d  and ana lyzed  was a s a t i s f a c t o r y  mechanical  d e s i g n  and a s u i t a b l e  
the rmal  d e s i g n  t o  g u a r a n t e e  performance d u r i n g  long exposure  p e r i o d s .  The p re -  
ced ing  d i s c u s s i o n  and a n a l y s e s  s a t i s f y  t h e s e  i n i t i a l  r e q u i r e m e n t s .  T h e  nex t  
s t e p  i s  t o  b u i l d  a breadboard model of t h e  image mover and e v a l u a t e  i t s  
performance.  
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PHOTOGRAPHIC SYSTEMS I N  SPACE ENVIRONMENT 
The use of a  photographic d a t a  recording subsystem i s  included i n  t h i s  s tudy  
f o r  two reasons .  Photographic systems o f f e r  a  l a r g e r  f i e l d  coverage than  
t h e  v id icon  and a f fo rd  t h e  p a s s i b i l i t y  of extending t h e  range of t h e  spec- 
t rometer  coyerage down t o  8001, whereas t he  v id i con  coverage diminishes r a p i d l y  
beyond l l O O A  . The presence of an a s t ronau t  who i s  t r a i n e d  i n  engineering o r  
astronomy a f f o r d s  i n - o r b i t  a n a l y s i s  and decision-making c a p a b i l i t y  a f t e r  t h e  
photographic m a t e r i a l  i s  processed and examined. Subs id ia ry  advantages made 
poss ib l e  by t h e  use of photographic recording a r e  l a r g e r  f i e l d  coverage, h ighe r  
r e s o l u t i o n  of low-contrast o b j e c t s ,  continued ope ra t ion  i n  t he  event  of TV 
da ta  l i n k  f a i l u r e  (o r  i f  power a v a i l a b l e  becomes marginal) ,  and increased  
knowledge of p o t e n t i a l i t i e s  of photographic systems i n  l a r g e r  o r b i t i n g  t e l e -  
scopes . 
These advantages w i l l  n a t  be r e a l i z e d  without  so lv ing  c e r t a i n  problems, however. 
Foremost among these  i s  t h e  requirement t o  s h i e l d  t h e  photographic media from 
t h e  e f f e c t s  of Van Al len  Bel t  r a d i a t i o n .  Not s tud ied  here  but  perhaps e q u a l l y  
important a r e  t h e  e f f e c t s  of Van Al len  Bel t  r a d i a t i o n  on t h e  SEC Vidicon. The 
e f f e c t  of r a d i a t i o n  environment on t h e  photographic system a r e  d iscussed  
l a t e r  i n  t h i s  s e c t i o n .  
Also included i n  t h i s  s e c t i o n  i s  an  exp lo ra t ion  of t h e  photographic systems 
a v a i l a b l e  from t h e  s t andpo in t s  of 1) t h e  s p e c t r a l  coverage des i r ed  and 
2)  t h e  r e s o l u t i o n  c a p a b i l i t i e s  of t h e  o p t i c a l  system. Recommendations f o r  photo- 
graphic systems t o  be used wi th  t h e  spectrometer  and image camera a r e  made. 
I n  t h i s  r e p o r t  t h e  cons ide ra t ion  of permanent recording ma te r i a l s  w i l l  be 
l imi ted  t o  Eastman Kodak s i l v e r  h a l i d e  systems. S i l v e r  h a l i d e  systems have 
a l ready  enjoyed cons iderable  success  a s  record ing  media f o r  ou ter  space app l i ca -  
t ions,  A search  f o r  o t h e r  systems, which might funo t iona l ly  r ep l ace  s i l v e r  h a l i d e  
systems and a f f o r d  performance improvements, may be conducted i n  a f u t u r e  phase 
of t h i s  program. 
No photographic medium i s  known .which competes wi th  s i l v e r  .'a ha l ides  f o r  sen-  
s i t i v i t y ,  a l though many have higher  reso lv ing  powers." However, t h e  s e n s i t i v i t y  
of s i l v e r  h a l i d e  systems t o  Van Al l en  Be l t  r a d i a t i o n  may force  a  s ea rch  f o r  
o the r  record ing  media. 
The fol lowing i s  a  d i scuss ion  of t h e  mechanism by which r a d i a t i o n  e x p s u r e s  
lead t o  s i l v e r  d e p o s i t s  i n  t h e  p5otographic process .  The f i n a l  s t e p  of image 
product ion i n  t h e  s i l v e r  h a l i d e  photographic process  c o n s i s t s  of reducing 
s i l v e r  ions  t o  m e t a l l i c  s i l v e r  by a  developing s o l u t i o n  v i a  t he  r eac t ion ,  
.- 
Unconventional Photographic Systens , SPSE Symposium 1967, Washington, D .C . 
* 
Mees, C . E .  Kenneth: The Theory of t h e  Photographic Process .  Revised Ed i t i on ,  
Tine MacmiYlan Company, 1954.., 
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The m e t a l l i c  s i l v e r  d e p o s i t s  form the  opaque pa r t  of t h e  recording ( o r  nega t ive)  
while  t h e  remaining c o n s t i t u e n t s  of t he  emulsion ( a f t e r  i t  has been processed) 
form t h e  t r anspa ren t  p a r t  of t h e  record ing .  
Mast unprocessed photographic emulsions c o n s i s t  mainly of s i l v e r  h a l i d e  c r y s t a l s ,  
s e n s i t i z i n g  dyes, and g e l a t i n  (which keeps the  o the r  components c o l l o i d a l l y  
suspended).  A t  normal temperatures some of the  s i l v e r  ions  i n  t h e  s i l v e r  h a l i d e  
c r y s t a l  l a t t i c e  a r e  bounced out  of t h e i r  pos i t i ons  by molecular k i n e t i c  energy 
an13 may be regarded t o  behave l i k e  a  "gas" of ions wandering about w i t h  thermal  
energ ies  w i t h i n  the  l a t t i c e  s t r u c t u r e .  
Tnis  "gas" of ions  plays an  important r o l e  i n  t h e  depos i t  of m e t a l l i c  s i l v e r .  
A t  low temperature ex t renes  t h e  molecular k i n e t i c  energ ies  a r e  too low t o  
l i b e r a t e  s i l v e r  ions  from t h e  l a t t i c e  s t r u c t u r e  and t h e  "gas" of ions i s  
v i r t u a l l y  nonex i s t en t .  
The primary funz t ion  2f l i g h t  i n  t h e  product ion of m e t a l l i c  s i l v e r  d e p o s i t s  
(which c o n s t i t u t e  t h e  image) i s  t o  genera te  f r e e  e l e c t r o n s .  These f r e e  
e l e c t r o n s  d r i f t  about t h e  l a t t i c e  s t r u c t u r e  u n t i l  they  a r e  captured by a  loose 
s i l v e r  i o n  o r  u n t i l  they  f ind  a  s i l v e r  depos i t  o r  a  s i l v e r  s u l f i d e  impuri ty ,  
i n  xh ich  they  tend t o  become t rapped .  The e l e c t r i c  f i e l d  produced by t h i s  
n e g a t i v e l y  charged depos i t  ( o r  impuri ty)  a t t r a c t s  loose s i l v e r  atoms. Under 
low temperature extremes t h e r e  i s  a  shor tage  of f r e e  s i l v e r  i ons  and t h e  growth 
of s i l v e r  d e p o s i t s  i s  i n h i b i t e d .  Although the  gene ra t ion  of f r e e  e l e c t r o n s  
v i a  t he  p h o t o e l e c t r i c  e f f e c t  s t i l l  proceeds under low temperatures ,  t h e  e l e c t r o n s  
a r e  r e p e l l e d  by t h e  e x i s t i n g  nogat ive ly  charged s i l v e r  depos i t s ,  thus making 
t h e i r  f u t u r e  union tvith a  s i l v e r  i o n  un l ike ly  even when the  emulsion i s  l a t e r  
re turned t o  normal temperatures .  
The r o l e  of t h e  s e n s i t i z i n g  dyes i s  t o  absorb l i g h t  quanta a t  wavelengths 
not  e a s i l y  absorbed by s i l v e r  h a l i d e s .  The energy absorbed by the  dyes i s  
t r a n s f e r r e d  t o  t h e  s i l v e r  h a l i d e s  by thermal  means. S i l v s r  h a l i d e s  a r e  
pho tosens i t i ve  p r imar i ly  t o  u l t r a v i o l e t  l i g h t ;  but ,  wi th  an a p p r o p r i a t e  
choice  of s e n s i t i z i n g  dyes, t h e  emulsion can  be made equa l ly  pho tosens i t i ve  
i n  a  combination of s p e c t r a l  r eg ions .  This  i s  h ~ w  e m ~ l l s i o w  a r e  made panchromatic. 
The product ion of s i l v e r  d e p a s i t s  s o l e l y  by l i g h t  exposures i s  a  very slow 
process  because i t  r equ i r e s  a t  l e a s t  one photon t o  produce a t  l e a s t  one f r e e  
e l e c t r o n  f o r  each s i l v e r  atom depos i t ed ,  and t h e r e  can  be l i g h t  absorp t ion  
i n e f f i c i e n c i e s  a s  w e l l  a s  o the r  i n e f f i c i e n c i e s  along t h e  way. For t h i s  
reason, t h e  emulsion i s  a t tacked  by a  reducing so lu t ion ,  o r  developer,  f o r  
a  c o n t r o l l e d  period of t ime. I f  t h e  developing time i s  s u f f i c i e n t l y  long, 
a l l  t h e  s i l v e r  h a l i d e  i n  even a n  unexposed e m ~ l s i o n  can  be reduced t o  s i l v e r  
depos i t s .  
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In e n u l s i o n  a r e a s  exposed b y  l i g h t ,  t h e  l a r g e r  s i l v e r  d e p o s i t s  i n  exposed 
s i l v e r  h a l i d e  g r a i n s  s e r v e  a s  more a t t r a c t i v e  t r a p s  f o r  t h e  f r e e  e l e c t r o n s  
l i b e r a t e d  by t h e  r e d u c t i o n  p rocess  of  t h e  d e v e l o p e r .  Thus , the  a t t r a c t i o n  of 
l o a s e  s i l v e r  i o n s  t o  t h e  s i l v e r  d e p o s i t s  and t h e i r  c o n v e r s i o n  i n t o  m e t a l l i c  
s i l v e r  i s  a c c e l e r a t e d .  Because t h e  e m ~ l s i o n  t r a n s m i t t a n c e  depends o n  t h e  
f r a c t i o n  of i t s  s i l v e r  d e p o s i t e d ,  t h e  r e d u c t i o n  p r o c e s s  (deve lopaen t )  i s  
i n t e n t i o n a l l y  s topped  b e f o r e  most of t h e  unexposed (by l i g h t )  s i l v e r  h a l i d e  
g r a i n s  have been  reduzed  t o  s i l v e r .  Thus, a  d e g r e e  of o p a c i t y  dependent  
on t h e  l i g h t  exposure  i s  produced i n  t h e  emuls ion and unexpased e-uls ion 
a r e a s  a r e  v e r y  t r a n s p a r e n t  w h i l e  exposed a r e a s  t a k e  on a n  o p a c i t y  which 
i n c r e a s e s  w i t h  e x p o s u r e .  T h i s  e x p l a i n s  why t h e  a d j u s t m e n t  of  development 
t i m e  t o  exposure  i s  a  coxmon p r a c t i c e  i n  pho tograph ic  p r o c e s s i n g .  
The i n , - r e a s e  i n  g r a i n i n e s s  w i t h  development t ime  c a n  be  e x p l a i n e d  by t h e  non- 
l i n e a r  i n c r e a s e  o r  a c c e l e r a t i o n  w i t h  t ime  of  t h e  r e d u c t i o n  p rocess  w i t h i n  a  
s i n g l e  s i l v e r  h a l i d e  g r a i n .  T h i s  a c c e l e r a t i o n  e x a g g e r a t e s  s m a l l  d i f f e r e n c e s  
between a d j a c e n t  unexp,ased s i l v e r  h a l i d e  g r a i n s  s o  t h a t  one a a y  be a lmos t  
f u l l y  reduced w h i l e  t h e  r e d u c t i o n  p rocess  i n  t h e  a d j a c e n t  one has  o n l y  begun. 
The f i x e r  a r r e s t s  t h e  r e d u c t i o n  p rocess ,  a b s o r b s  t h e  unreduced s i l v e r  h a l i d e  
an3 s e n s i t i z i n g  dyes  from t h e  emuls ion which c a u s e s  t r a n s p a r e n c y  i n  unexposed 
a r e a s .  
A s o l u t i o n  t o  t h e  problem of r a d i a t i o n  damage t o  f i l m  i s  reduced t o  one of  
d e s i g n  of adequa te  s h i e l d i n g .  S ince  t h e  p r o t e c t i o n  needed v a r i e s  w i t h  t h e  
o p t i c a l  performance r e q u i r e m e n t s  imposed on t h e  f i l m ,  r a d i a t i o n  p r o t e c t i o n  
must c o n s i d e r  v u l n e r a b i l i t y  o f  pho tograph ic  f i l m  a s  w e l l  a s  s o u r c e s  of 
r a d i a t i o n ,  I n  some a p p l i c a t i o n s ,  f o r  example, t h e  i n c r e a s e  i n  g r a i n i n e s s  w i l l  
impose a  g r e a t e r  r e s t r i c t i o n  on t h e  p e r m i s s i b l e  r a d i a t i o n  exposure  t h a n  w i l l  
t h e  i n c r e a s e  i n  d e n s i t y .  
The h i g h  energy t r a p p e d  p r o t o n s  appear  t o  p r e s e n t  t h e  most s e r i o u s  h a z a r d  
w i t h  r e s p e c t  t o  p h o t o g r a p h i c  f i l m .  Depending on t h e  s h i e l d  t h i c k n e s s ,  p r o t o n s  
h a v i n g  e n e r g i e s  below a  g iven  v a l u e  w i l l  b e  comple te ly  s topped  w h i l e  h i g h e r  
energy p r o t o n s  w i l l  b e  degraded i n  energy a s  t h e y  t r a v e r s e  t h e  s h i e l d .  To 
p r o v i d e  a d e q u a t e  s h i e l d i n g ,  one must no t  o n l y  c o n s i d e r  t h e  exposure  dose, 
b u t  a l s o ,  because  o f  t h e  s p e c t r a l  s e n s i t i v i t y  o f  t h e  pho tograph ic  f i l m ,  t h e  
emergent p r o t o n  spect rum.  For  example, f o r  s u f f i c i e n t l y  low s p e c i f i c  ion-  
i z a t i o n  t h e  g r a i n s  w i l l  n o t  deve lop  whereas f o r  s u f f i c i e n t l y  h i g h  s p e c i f i c  
i o n i z a t i o n  a l l  g r a i n s  a l o n g  t h e  pa th  o f  t h e  p a r t i c l e  a r e  deve lopab le  and t h e  
g r a i n  d e n s i t y  r e a c h e s  a  s a t u r a t i o n  v a l u e  independent  of  p a r t i c l e  energy.  F o r  
t h i c k  s h i e l d s  (>20 gm/cm2) t h e  p r o d u c t i o n  of  secondary p a r t i c l e s  must a l s o  
b e  c o n s i d e r e d ,  
-- me 
.b 
4 b ~ o s s i ,  Brnno : Nigh Energy P a r t i c l e s .  P r e n t i s s - H a l l ,  1952,  
&es ,  C,E. Kenneth:  T i e  Theory of t h e  Pho tograph ic  P r o c e s s .  Revised E d i t i o n ,  
The Macmi l l i an  Company, 1954. 
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The most f r equen t  r e s u l t  of the  i n t e r a c t i o n  between high energy p a r t i c l e s  
and mat te r  i s  t h e  l i b e r a t i o n  of e l e c t r o n s .  When a charged p a r t i c l e  t r a v e r s e s  
ms t t e r ,  i t  can  produce l a rge  e l e c t r i c  and magnetic f i e l d  f l u c t u a t i o n s  i n  t h e  
v i c i n i t y  of i t s  pa th .  These f i e l d  f l u c t u a t i o n s  can, i n  turn ,  cause cons ide rab le  
e x c i t a t i o n  and i o n i z a t i o n  i n  nearby molecules.  
Tne e l e c t r o n s  l i b e r a t e d  by t h i s  i n t e r a c t i o n  (between f a s t  p a r t i c l e s  and a  
photographic evuls ion)  can  f i n d  t h e i r  way t o  s i l v e r  depos i t  n l c l e i  w i th in  s i l v e r  
h a l i d e  c r y s t a l s .  Also, t h e  molecular e x c i t a t i o n s  produced by f a s t  p a r t i c l e s  
can  t e a r  a  l a r g e r  t h a n  uscral supply of s i l v e r  ions  loose from t h e i r  c r y s t a l  l a t t i c e  
p o s i t i o n s .  With t h i s  i nc rease  i n  l i b e r a t e d  e l e c t r o n s  an43 l o s e  s i l v e r  i ons ,  
t he  s i z e  of  s i l v e r  d e p o s i t s  i s  increased  w i t h i n  the  s i l v e r  h a l i d e  c r y s t a l s  
h i t  by  f a s t  p a r t i c l e s ,  It i s  not  s u r p r i s i n g ,  then,  t h a t  cont inasd  expasure 
t o  r a d i a t i o n  from t h e  Van Allen Be l t  can  fog f i l m s ,  
The p r o p a r t i o n a l  s i l v e r  h a l i d e  content  i s  of g r e a t  importance i n  judging t h e  
s e n s i t i v i t y  of a  g iven  enuls ion  t o  f a s t  charged p a r t i c l e s .  This  i s  because 
a .  A r e l a t i v e l y  h igh  number of e l e c t r o n s  per  u n i t  volume 
makes s i l v e r  h a l i d e s  m r e  vulnt2rable t o  e x c i t a t i o n  by 
charged p a r t i c l e s  t h a n  ~ t h e r  emulsioa components wi th  
lower e l e c t r o n  d e n s i t i e s .  
b .  Larger s i l v e r  h a l i d e  concen t r a t ions  provide nore  s i l v e r  
i o m  t o  be knocked out  of t h e i r  c r y s t a l  l a t t i c e  p ~ s i -  
t ions by charged p a r t i c  l e s  . 
Larger loose s i l v e r  ion  concent ra t ions  i n  t h e  presence of l a r g e r  f r e e  e l e c t r o n  
concent ra t ions  b u i l d  s i l v e r  depos i t s .  S e n s i t i z i n g  dyes,  although more s e n s i t i v e  
than s i l v e r  h a l i d e s  t o  l i g h t  i n  c e r t a i n  s p e c t r a l  reg ions ,  a r e  l e s s  s e n s i t i v e  
than s i l v e r  h a l i d e s  t o  charged p a r t i c l e s .  The r e c i p r o c a l  of t he  s i l v e r  h a l i d e  
concent ra t ion  i s  a  f a c t o r  of mer i t  by which d i f f e r e n t  f i lms  can be compared 
f o r  r e s i s t a n c e  t o  Van Allen Bel t  r a d i a t i o n  fogging. 
Balancing t h e  Resolu t ion ,  Exposure, and S y e c t r a l  S e n s i t i v i t y  Requirements 
According t o  t h e  Rayleigh c r i t e r i o n  f o r t h e  r e s o l u t i o n  of point sources,  t h e  
angular  r e so lv ing  power (8) of an o p t i c a l  system i s  given by 
where h i s  t h e  wavelength of l i g h t  and where D i s  t he  diameter of t h e  o p t i c a l  
system ent rance  pup i l .  The l i n e a r  s epa ra t ion  ( 6 )  of two s t a r  images i n  t h e  
foca l  plane (which a r e  separated by t h e  angle ,  @, i n  ob jec t  space) i s  obtained 
by mul t ip ly ing  Equation (1) by f o c a l  length ( f )  a s  fo l lows:  
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f 
where F = - = f-number D 
The Rayle igh  c r i t e r i o n  f o r  t h e  r e s o l u t i o n  o f  l i n e  images i s  s i m i l a r l y  g i v e n  
by 9 = h/D and 6 = hF. Thus, t h e  approximate  number o f  l i n e s  p e r  m i l l i -  
me te r  r e s o l v i n g  power a t  t h e  image p l a n e  i s  g i v e n  by 
0 
The ge lescope  f-number i s  200 and i t s  s p e c t r a l  range i s  t h e  4000A band from 
2000A t o  6000A. F u t u r e  d e s i g n s  mgy permi t  a n  a l l - r e f  l e c t i v e  microscope which 
would a f f o r d  coverage  down t o  800A. S u b s t i t u t i n g  t h e s e  v a l u e s  i n  Equa t ion  
(3) g i v e s  a  r e s o l v i n g  power of 1 , o r  abou t  10 R/m. 
Because t h e  l i m i t i n g  r e s o l v i n g  power o f  t h e  t e l e s c o p e  i s  somewhat h i g h e r  t h a n  t h e  
Ray le igh  c r i t e r i o n  r e s o l v i n g  power, and because t h e  emuls ion  should n o t  l i m i t  
t h e  system r e s o l u t i o n ,  a t  l e a s t  20 A/mm r e s o l v i n g  power i s  r e q u i r e d  i n  r e c o r d i n g  
t h e  t e l e s c o p e  Outpu t - -p re fe rab ly  even under low c o n t r a s t  o p e r a t i n g  c o n d i t i o n s .  
Low c o n t r a s t  r e s o l v i n g  powers exceeding 20 k/mm shou ld  n o t  be accep ted  f o r  
t h e  t e l e s c o p e  o p e r a t i o n a l  mode a t  t h e  expense o f  l i g h t  s e n s i t i v i t y .  Although 
t h e  r e s o l v i n g  power d e s i g n  g o a l  f o r  t h e  spec t romete r  c a l l s  f o r  more t h a n  a 
50-percen t  modula t ion  t r a n s f e r  f u n c t i o n  a t  20 R/mm (which i s  s u f f i c i e n t  t o  
o b t a i n  a  sys tem e s s e n t i a l l y  l i m i t e d  by t h e  v i d i c o n ) ,  i t  i s  hoped t h a t  a  
h i g h e r  r e s o l v i n g  power w i l l  e v e n t u a l l y  be  achieved i n  o r d e r  t o  u t i l i z e  t h e  
h i g h e r  r e s o l v i n g  powers a t t a i n a b l e  w i t h  photographic  emuls ions .  
Exposure t ime may be long,  f r e q u e n t l y  exceeding 2000 seconds,  i n  o r d e r  t o  
make r e c o r d i n g s  of dim c e l e s t i a l  d e t a i l s  a t  £1200 w i t h  t h e  t e l e s c o p e ,  o r  o f  
weak s p e c t r a l  l i n e s  a t  f / 2 0  w i t h  t h e  s p e c t r o m e t e r .  Because t h e  s e n s i t i v i t y  
t o  l i g h t  of most emuls ions  f a l l s  o f f  q u i t e  r a p i d l y  a s  exposure  t imes  exceed 
t e n  seconds (Table ,  48 A l ) ,  t h e  use  of emuls ions  s p e c i a l l y  t r e a t e d  a g a i n s t  
r e c i p r o c i t y  f a i l u r e  a t  long exposures  i s  h i g h l y  d e s i r a b l e .  Emulsion c o o l i n g  
i s  a n o t h e r  way of  a r r e s t i n g  r e c i p r o c i t y  f a i l u r e ,  s i n c e  low tempera tu res  s h i f t  
Jc 
r e c i p r o c i t y  f a i l u r e  p r o p e r t i e s  toward long exposure .  T h i s  t echn ique  w i l l  
n o t  be exp lored  a t  t h i s  t i m e .  
0 0 
The r e q u i r e d  s p e c t r a l  r t n g e s  o f  o p e r a t i o n  a r e  800A t o  3000A f o r  t h e  s p e c t r o -  
mete r  and 2000A t o  6000A f o r  t h e  t e l e s c o p e .  The g e l a t i n  p r e s e n t  $n o r d i n a r y  
pho tograph ic  emuls ions  i s  h i g h l y  l i g h t - a b s o r b i n g  below about  2200A ( T a b l e 4 8 ,  
A4). Two methoas of s e n s i t i z i n g  emuls ions  below t h i s  wavelength  a r e :  
a )  Using emuls ions  w i t h  p r a c t i c a l l y  no g e l a t i n .  
(These  a r e  c a l l e d  "Schumann" emuls ions)  
b) C o a t i n g  t h e  emuls ion w i t h  a  f l u o r e s c e n t  subs tance ,  which 
c o n v e r t s  t h e  l i g h t  i n t o  longer  wavelengths  which 
expose t h e  emuls ion,  
A-. a. -- 
Jx 
H i l t n e r ,  W.A.,  ed. :  As t ronomica l  Techniques.  U n i v e r s i t y  o f  Chicago P r e s s ,  
1962, p. 392, 
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These c a t e g o r i e s  of Kodak emulsions w i l l  be examined f o r  use with the  i n s t r u -  
ment package: p l a t e s  and f i lms  (103a and I I a ) ,  u l t r a v i o l e t  coated spec t ro  
scopic p l a t e s  and f i l m s  (103a and I I a ) ,  and "Schumann" emulsions (SWR, DC-3, 
SC-5, and SC-7). Advantages and disadvantages of t hese  emulsion c a t e g o r i e s  
a r e  presented i n  Tables  48, 49, 50, and 51, with comments and explana t ions  
of each advantage and disadvantage given a r c e r  each t a b l e .  
TABLE L8 
ADVANTAGES. AND. D.3SADVAN.TAGES. OF, SPECTROSCOPIC PLATES 
ADVANTAGES AND F1,WS ,(,10,3,a, .'Ia? DISADVANTAGES 
Al) Re la t ive ly  low r e c i p r o c i t y  f a i l u r e  A6) R e l a t i v e l y  h igh  s e n s i t i v i t y  t o  
Van Al l en  Bel t  r a d i a t i o n  
A2) Re la t ive ly  h igh  ab ras ion  to l e rance  
A7) Diminishing s p e c t r a l  s e n s i t i v i t y  
A3) Avai lab le  i n  q u i t e  convenient forms below 2500A 
A4) Good spectra: s e n s i t i v i t y  a v a i l a b l e  A8) Bimat processing not  recommended 
between 2500A and 7000i 
A9) Should not be hard vacuum 
A5) Acceptable r e so lv ing  power environment f o r  long time pe r iods  
Al) A t  p resent  Types Ia ,  I I a ,  I I I a  and 103a a r e  t h e  only Kodak emulsions 
s p e c i a l l y  designed f o r  long exposure t imes. Most o t h e r  emulsions have 
cons iderable  r e c i p r o c i t y  f a i l u r e  a t  exposure t imes above t e n  seconds. 
(See r e c i p r o c i t y  c h a r a c t e r i s t i c s  of 103, 103a, 11, and I I a ,  I I I a  and l a  
p l a t e s  given on page 3  1d of t h e  handbook, "Kodak P l a t e s  and Films f o r  
Science and Indus t ry ,"  an Eastman Kodak pub l i ca t ion ,  Kodak Park, 
Rochester, New York, 1967. See, a l s o ,  t he  r e c i p r o c i t y  f a i l u r e  curves 
f o r  va r ious  a e r i a l  f i lms  i n  another  Kodak pub l i ca t ion ,  t he  "Manual of 
Phys i ca l  P r o p e r t i e s  of Kodak A e r i a l  and Spec ia l  Sens i t i zed  Materials.") 
A2) 103a, I a ,  I I a ,  and I I I a  a r e  normal emulsions which a r e  pro tec ted  by sus- 
pension i n  g e l a t i n .  By comparison, "Schumann" emulsions a r e  h ighly  
s e n s i t i v e  t o  ab ra s ion  and contamination because they have almost no ge la-  
t i n ,  See C6. (Anti-abrasion g e l a t i n  overcoat ing can be appl ied  a f t e r  
exposure before  o r  a f t e r  development.) 
A3) 103a and I I a  a r e  suppl ied on a  l a rge  v a r i e t y  of p l a t e s  and on 35mm and 
70mm f i lm.  Although some of the  I I a  s p e c t r a l  s e n s i t i v i t y  c l a s s e s  a r e  not  
normally suppl ied  i n  t h e  f i lm,  d i scuss ion  with s t a f f  members of Eastman 
Kodak, Rochester,  New York, i n d i c a t e s  t h a t  some might be made on s p e c i a l  
order .  (Ref. "Kodak P l a t e s  and Films" handbook.) 
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A4) S p e c t r a l  s e n s i t i v i t y  c u r v e s  f o r  103 and 103a i n  t h e  handbook, "Kodak 
P l a t e s  and Fi lms f o r  Sc ience  and I n d u s t r y , "  show t h a t  abou t  0 .03  e r g s  
p e r  square  c e n t i m e t e r  a r e  r e q u i r e d  go produce a  d e n s i t y  of 0 , 6  above 
g r o s s  fog  i n  103a f i l m  between 2500A and 7000%. Below ~ ~ o o K ,  g e l a t i n  
i s  h i g h l y  l i g h t  a b s o r b i n g .  (See "UV S e n s i t i z a t i o n  o f  Pho tograph ic  P l a t e s  
w i t h  Sodium S a l i c y l a t e "  by Rinda A l l i s o n  and J a y  Burns,  JOSA, May, 1965, 
Volume 55, page 574.) Beyond 70001 good emuls ions  s e n s i t i v i t y  i s  n o t  
a v a i l a b l e  f o r  103a. From page 31d of t h e  "Kodak P l a t e s  and Films" 
handbook, I I a  h a s  p r a c t i c a l l y  t h e  same s e n s i t i v i t y  a s  103a. But because ,  
from page 43d o f  t h e  handbook, I I a  i s  n o t  a v a i l a b l e  i n  t h e  U s p e c t r a l d  
s e n s i t i v i t y  c J a s s ,  t h e  h i g h  s p e c t r a l  s e n s i t i v i t y  range  o f  I I a  i s  g500A 
t o  abou t  6700A. The t e l e s c o p e  s p e c t r a l  range of i n t e r e s t  i s  2000A t o  
60001. From s p e c t r a l  s e n s i t i v i t y  curves ,  p. 26d, I a  h a s  p r a c t i c a l l y  
t h e  same s e n s i t i v i t y  a s  103 and 103a, bu t  i t s  h i g h  s p e c t r a l  s e n s i t i v i t y  
range i s  from 2500A t o  abou t  67001. Emulsion I I I a  i s o a v a i l a b l g  i n  
on ly  one s e n s i t i z i n g  c l a s s ,  which i s  s e n s i t i v e  from 4500A t o  5500A. 
Also,  accord ing  t o  t h e  s p e c t r a l  s e n s i t i v i t y  c u r v e  on page 26d, I I I a  
r e q u i r e s  abou t  0,05 e r g s  p e r  square  cm t o  produce a d e n s i t y  of 0 .6  
above g r o s s  fog.  
A5) The h i g h  c o n t r a s t  r e s o l v i n g  power ranges  a r e  g iven  i n  t h e  " ~ o d a k  P l a t e s  
an6 E'ilms" handbook a s  56 t o  68 J/mm f o r  t03a and la, a s  69 t o  95 A/mm 
f o r  I I a  and 136 t o  225 J/mm f o r  I I I a .  Low c o n t r a s t  r e s o l v i n g  powers a r e ,  
t y p i c a l l y ,  from two t o  t h r e e  t imes  lower t h a n  h i g h  c o n t r a s t  r e s o l v i n g  
powers. (See " ~ a n u a l  o f  p h y s i c a l  P r o p e r t i e s  o f  Kodak A e r i a l  and S p e c i a l  
S e n s i t i z e d  M a t e r i a l s "  f o r  h i g h  and low c o n t r a s t  r e s o l v i n g  powers of a e r i a l  
f i l m s . )  High c o n t r a s t  measurements were made w i t h  t e s t  o b j e c t  c o n t r a s t  
(TOC) r a t i o s  of 1000:1, and low c o n t r a s t  measurements were made on TOC 
r a t i o s  of 1 0 6 : 1 0  R a t i o s  given a r e  luminance r a t i o s  o f  t h e  l i n e s  t o  t h e  
s p a c e s  on b a r  t y p e  r e s o l u t i o n  t a r g e t s  hav ing  e q u a l  l i n e  and  space  wid ths .  
Low c o n t r a s t  r e s o l v i n g  powers o f  103a and I I a  appear  t o  be  c o n s i s t e n t  
w i t h  t h e  20 Rlmm requ i rement  set f o r  t h e  t e l e s c o p e  o u t p u t  r e c o r d i n g  
medium e a r l i e r  i n  t h i s  p a r t o  Type I I a  emulsion i s  recommended because  
o f  i t s  h i g h e r  r e s o l v i n g  power. T h i s  added r e s o l u t i o n  may be  r e q u i r e d  
when t h e  Van A l l e n  B e l t  r a d i a t i o n  g r a n u l a r i t y  i n c r e a s e s  a r e  cons idered  
l a t e r  i n  t h i s  c h a p t e r ,  
A6) During communication w i t h  Eastman Kodak, PerkineElmer was v e r b a l l y  informed 
t h a t  103a and I I a  have a  r e l a t i v e l y  h i g h  t o t a l  s i l v e r  c o n t e n t  when compared 
w i t h  a e r i a l  f i l m s .  T h i s  h i g h  t o t a l  s i l v e r  c o n t e n t  i n d u c e s  g r e a t e r  
fogg ing  by Van A l l e n  B e l t  r a d i a t i o n ,  d i s c u s s e d  e a r l i e r .  
0 
A7) The g e l a t i n  i n  t h e  emuls ion b e g i n s  t o  absorb  l i g h t  j u s t  below 2500A 
(See Reference i n  B1) . 
PERKIN-ELMER 
Report  Noo 9800 
A8) Perkin-Elmer was v e r b a l l y  informed by Eastman Kodak ( s e e  A6) t h a t  
B i m a t  p r o c e s s i n g  i s  n o t  recommended f o r  103a and I I a  emuls ions  because  
of  t h e i r  r e l a t i v e l y  h i g h  t o t a l  s i l v e r  c o n t e n t .  
A9) Prolonged exposure  t o  vacuum of 103a and I I a  c a u s e s  e x c e s s i v e  emuls ion 
d e h y d r a t i o n  and t h e  a s s o c i a t e d  emuls ion c o n t r a c t i o n  and c u r l i n g ,  Emulsion 
c o n t r a c t i o n  c a u s e s  a  h i g h  f o g  l e v e l ,  b u t  t h i s  e f f e c t  can b e  e l i m i n a t e d  
by s o a k i n g  t h e  emuls ion  i n  wa te r  p r i o r  t o  p r o c e s s i n g .  C u r l i n g  e f f e c t s  
can be  minimized by t h e  u s e  of  e s t a r  f i l m  b a s e  where p o s s i b l e ,  o r  by t h e  
u s e  of p l a t e s  i n s t e a d  o f  f i l m o  S t o r a g e  o f  emuls ions  i n  a  s u i t a b l e  
environment when n o t  b e i n g  exposed i s  recommended. Ref :  Eastman Kodak 
c o n t a c t s ,  ( s e e  A6). 
TABLE 49 
ADVANTAGES AND DISADVANTAGES OF ULTRAVIOLET COATED SPECTROSCOPIC PLATES 
AND FILMS (103a AND LIa)  
Disadvantages  
B1) Uniform s p e s t r a l  r e s p t n s e  p o s s i b l e  B7) P l a t e s  a r e  no t  s u p p l i e d  c s a t e d .  
between 800A and 3000A Customer must a p p l y  c o a t i n g s .  
B2) May b e  used i n  h a r d  vacuum B8) Some c o a t i n g s  must be removed 
w i t h  a  s p e c i a l  s o l u t i o n  p r i o r  
B3) R e l a t i v e l y  h i g h  a b r a s i o n  t o l e r a n c e  t o  p r o c e s s i n g .  ( e t h y l e n e  c h l o r i d e  o r  
cyc lohexane)  
B4) R e l a t i v e l y  ].ow r e c i p r o c i t y  f a i l u r e  B9) Bimat p r o c e s s i n g  no t  recommended 
B5) Coat ings  do n o t  a p p r e c i a b l y  reduce B10) S p e c t r a l  s e n s i t i v i t y  r e l a t i v e l y  
i n h e r e n t  f i l m  r e s o l v i n g  powers low 
B6) A v a i l a b l e  i n  q u i t e  conven ien t  forms BI1) R e s o l v i n g  power r e l a t i v e l y  low 
B1) Ref : "UV S e n s i t i z a t i o n  o f  Pho tograph ic  P l a t e  w i t h  Sodium ~ a l i c y l a t e "  
by Rinda A l l i s o n  and J a y  Burns,  J. Opt. Soc. Amer., May, 1965, Volume 55,  
page 574. 
B2) I b i d  
B4) 103a and IIa, which have good r e c i p r o c i t y  f a i l u r e  p r o p e r t i e s  ( i t e m  A l ,  
Tab le  5 - 1 ) )  may be  u l t r a v i o l e t  c o a t e d .  
B5) Same r e f e r e n c e  a s  i t e m  1 above.  
B6) A l l  forms of  103a and I I a  can be  u l t r a v i o l e t  c o a t e d .  See i t e m  A3, 
Table  48 f o r  a v a i l a b l e  forms of  103a and I I a .  
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B7) R e f :  "Kodak P l a t e s  and F i lms  f o r  S c i e n c e  and I n d u s t r y "  handbook. 
B8) I b i d ,  
B9) Bimat p r o c e s s i n g  i s  n o t  recommended f o r  r e a s o n s  g iven  i n  i t e m  A8, T a b l e 4 8  
B10) S p e c t r a l  s e n s i t i v i t y  i s  low by comparison w i t h  SC-5 and SC-7 ( i t e m  C3, 
T a b l e  5 0 ) .  R e c i p r o c i t y  f a i l u r e  of  SC-5 and SC-7 may n e g a t e  t h i s  
advan tage  a t  l o n g  exposure  t i m e s .  ( i t e m  C5, T a b l e  50 ) .  
B11) Reso lv ing  power may be  t o o  low i f  Van A l l e n  B e l t  r a d i a t i o n  i n c r e a s e s  
g r a n u l a r i t y  t o o  much ( s e e  page 7 1 8 ) .  Also,  r e s o l u t i o n  demands of  
t h e  s p e c t r o m e t e r  a r e  h i g h e r  t h a n  t h e  r e s o l u t i o n  demands o f  t h e  t e l e s c o p e ,  
R e s o l u t i o n  c a p a b i l i t i e s  of  c o a t e d  emuls ions  a r e  t h e  same a s  t h o s e  d i s c u s s e d  
i n  i t e m  A5, T a b l e  48. 
TABLE 56 
ADVANTAGES AND DISADVANTAGES OF "SCHUMANN" EMULSIONS 
(SWR, DC-3,- SC-5, AND SC-7) 
C1) R e l a t i v e l y  low s e n s i t i v i t y  t o  Van C4) Resolving power may be  s l i g h t -  
A l l e n  B e l t  r a d i a t i o n  l y  lower t h a n  d e s i r e d  
C2) Higher  t o l e r a n c e  t o  vacuum C5) R e c i p r o c i t y  f a i l u r e  a t  l o n g  
exposures  
C3) R e l a t i v e l y  h igh  s e n s i t i v i t y  i n  t h e  
u l t r a v i o l e t  r e g i o n  C6) Very low a b r a s i o n  t o l e r a n c e .  
Handl ing i s  v e r y  d i f f i c u l t .  
Bimat p r o c e s s i n g  n o t  
recommended 
~ 7 )  A v a i l a b l e  i n  v e r y  l i m i t e d  forms.  
C1) During t h e  communication w i t h  t h e  Eastman Kodak r e s e a r c h  l a b o r a -  
t o r i e s ,  it was found t h a t  b e c a u s e  s i l v e r  h a l i d e s  a r e  h i g h l y  
a b s o r b i n g  i n  t h e  u l t r a v i o l e t  r e g i o n  a l l  u l t r a v i o l e t  l i g h t  a b s o r p t i o n  
t a k e s  p l a c e  i n  a v e r y  t h i n  s u r f a c e  emuls ion l a y e r .  For t h i s  r e a s o n  
"Schumann" emuls ions  a r e  v e r y  t h i n  l a y e r s  of s i l v e r  h a l i d e  w i t h  a  v e r y  
low t o t a l  s i l v e r  c o n t e n t .  An e a r l i e r  p a r t  of  t h i s  s e c t i o n  d i s c u s s e s  
t h e  i n c r e a s e  i n  s e n s i t i v i t y  t o  Van A l l e n  B e l t  r a d i a t i o n  caused  by a  
h i g h  t o t a l  s i l v e r  c o n t e n t .  S t a f f  members of  Eastrnan Kodak s u p p l i e d  informa 
t i o n  abou t  t h i n  emulsion p r o p e r t i e s  of  SWR, DC-3, SC-5, and SC-7. 
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C2) Because o f  t h e  t h i n n e s s  o f  "Schumann" emuls ions  ( s e e  i t e m  Cl) ,  c u r l i n g  
and s h r i n k a g e  problems a r e  l e s s  s e v e r e  t h a n  i n  t h e  c a s e  o f  o r d i n a r y  
emuls ions ,  Soaking i n  w a t e r  f o r  a  few seconds  p r i o r  t o  development i s  
s t i l l  a d v i s a b l e  i n  o r d e r  t o  p r e c l u d e  fogging.  
C3) The f o l l o w i n g  d a t a  were o b t a i n e d  from t h e  Kodak r e s e a r c h  l a b o r a t o r i e s :  
DC-3 Type: 'Medium g r a i n  s i z e  emuls ions  g i v i n g  good d e f i n i t i o n  and 
h i g h  c o n t r a s t .  U l t r a v i o l e t  s e n s i t i v i t y  i s  c l o s e  t o  
t h a t  o f  SWK f i l m o  S e n s i t i v i t y  t o  v i s i b l e  l i g h t  
i s  s l i g h t l y  h i g h e r .  " 
SC-5 Type: "High s e n s i t i v i t y  (about  8  t i m e s  t h a t  o f  DC-3 f i l m  
above 1 7 0 i ) .  F i l l s  a  need f o r  v e r y  h i g h  s e n s i t i v i t y  
r e q u i r e m e n t s  a t  a n  a c c e p t a b l e  g r a i n i n e s s . "  
SC-7 Type: "Very h i g h o s e n s i t i v i t y  ( a t  l e a s t  10 t imes  t h a t  o f  DC-3 
above 170A). Average c o n t r a s t .  Long development,  
A r e l a t i v e  comparison of SWR f i l m  and 103-0, c o a t e d  u l t r a v i o l e t  p l a t e s  
i s  g i v e n  on page 21d o f  t h e  "Kodak P l a t e s  and Fglms" handbook. The comparison 
shows SWR t o  be  more s e n s i t i v e  below about  1200A and 103-0 u l t r a v i o l e t  p l a t e s  
t o  b e  more s e n s i t i v e  about  12001. 
C4) No f o r m a l l y  p u b l i s h e d  r e s o l v i n g  power d a t a  was found f o r  "~chumann" 
emuls ions ;  however, some p e r t i n e n t  d a t a  was o b t a i n e d  from some of  
p e r k i n - ~ l m e r ' s  work connec ted  w i t h  Aerobee sound ing  r o c k e t  probes  d u r i n g  
t h e  p a s t  two y e a r s .  20-micron-diameter h i g h - d e n s i t y  s p o t  images were 
produced on SWR f i l m  i n  t h e  l a b o r a t o r y .  T h i s  s u g g e s t s  a  h igh  c o n t - r a s t  
r e s o l v i n g  power o f  abou t  50Rjmm f o r  SWR. Also,  10-micron-diameter l i n e  
images were produced i n  f l i g h t  on SC-5 f i l m  from s t a r  t r a c k  images.  
T h i s  s u g g e s t s  approx imate ly  100 .f?/mm h igh c o n t r a s t  r e s o l v i n g  power f o r  
SC-5. GAEC measured t h e  r e s o l v i n g  power o f  SC-7 f i l m  a t  rough ly  50 
c y c l e s  p e r  m i l l i m e t e r .  Van A l l e n  B e l t  r a d i a t i o n  may i n c r e a s e  g r a n u l a r i t y  
and reduce  r e s o l v i n g  power ( s e e  page 718 ) .  Spec t romete r  r e s o l u t i o n  
demands a r e  d i s c u s s e d  e a r l i e r  and exceed t h e  r e s o l u t i o n  demands of t h e  
t e l e s c o p e .  
Kodak "~chumann" emuls ions  a r e  no t  s p e c i a l l y  t r e a t e d  a g a i n s t  r e c i p r o c i t y  
f a i l u r e  a t  long  exposure  t i m e s  l i k e  103a and I I a .  I f  r e c i p r o c i t y  f a i l u r e  
c h a r a c t e r i s t i c s  of t h e s e  "Schumann" emuls ions  t u r n  o u t  t o  b e  s i m i l a r  
t o  most f i l m s  ( i t e m  A l ,  Tab le  48 ), then  t h e  s e n s i t i v i t y  advan tage  of  
I t  
~chumann" emuls ions  o v e r  u l t r a v i o l e t  c o a t e d  103a and I I a  may d i s a p p e a r  
a t  long  exposure  t i m e s .  According t o  Fowler", t h e  r e c i p r o c i t y  f a i l u r e  
o f  SWR and SC-5 shou ld  be  i n s i g n i f i c a n t .  But a c c o r d i n g  t o  Kodak, a n  
i n d i c a t i o n  of t h e  r e c i p r o c i t y  f a i l u r e  c h a r a c t e r i s t i c s  of  SWR a p p e a r s  
i n  t h e  f o l l o w i n g  t a b l e :  
*- 
Fowler,  W.  K., Rense, W.A. and Simmons, W.R. : Fi lm C a l i b r a t i o n  f o r  Rocket W 
S p e c t r o g r a p h s ,  Appl ied  O p t i c s .  Vole  4, No. 12, December 1965, p o  1597. 
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112 s e c  
64 s e c  
1 s e c  
128 s e c  
TABLE 51. RECIPROCITY FAILURE OF SWR 
LXT (Re l a  t i v e )  Densi ty  Densi ty  Decrease 
R e c i p r o c i t y  f a i l u r e  of SWR a t  2000 seconds exposure  t i m e  i s  l i k e l y  t o  b e  
much more pronounced t h a n  t h e  f a i l u r e  shown i n  T a b l e  51.. The v a l u e s  
i n  T a b l e  5 1  were deduced from unpubl i shed  "Time S c a l e  Curves on SWK 
Film" o b t a i n e d  from Eastman Kodak. The i n v e s t i g a t i o n  o f  r e c i p r o c i t y  
f a i l u r e  curve  s h i f t s  toward long  exposures  w i t h  t empera tu re  r e d u c t i o n s  
might  be  a  v e r y  impor tan t  s t e p  i n  d e c i d i n g  whether "Schumann" emuls ions  
shou ld  be  used  r a t h e r  t h a n  u l t r a v i o l e t  c o a t e d  I I a  f i l m s  o r  p l a t e s .  
C 6 )  Low a b r a s i o n  t o l e r a n c e  e x i s t s  because  of t h e  absence of g e l a t i n  i n  
I I Schumann" emuls ionso Bimat p r o c e s s i n g  was d i scouraged  by Kodak f o r  t h i s  
r eason .  
C7) SWR i s  a v a i l a b l e  on ly  on p l a t e s  and on 35mm by 25 f o o t  3  i n c h  unper-  
f o r a t e d  r o l l s .  Ref :  " ~ o d a k  P l a t e s  and ~ i l m s "  handbook, pp, 3d and 41d, 
DC-3, SC-5, and SC-7 a r e  s u p p l i e d  o n l y  i n  u n p e r f o r a t e d  35mm by 180rmn 
f i l m  s t r i p s ,  
The u s e  of t h e s e  f i l m s  t o  r e c o r d  t h e  s p e c t r o m e t e r  o u t p u t  w i l l  r e q u i r e  
bulky h o l d i n g  d e v i c e s  i n  a d d i t i o n  t o  t h o s e  used t o  hand le  t h e  emuls ions  
t h a t  r e c o r d  t h e  d i r e c t  t e l e s c o p e  imagery. The d e s i g n  of s e p a r a t e  pro- 
c e s s i n g  equipment may a l s o  be r e q u i r e d ,  
R a d i a t i o n  Environment 
High energy p a r t i c l e s  and t h e  accompanying secondary emiss ion  n o t  o n l y  f o g  
f i l m ,  b u t  a l s o  i n c r e a s e  g r a n u l a r i t y  by expos ing  i n d i v i d u a l  f i l m  g r a i n s  
i n  a  random f a s h i o n -  T h i s  i n c r e a s e  i n  g r a n u l a r i t y  i s  more s e v e r e  t h a n  
t h e  i n c r e a s e  normal ly  a s s o c i a t e d  w i t h  h i g h e r  d e n s i t i e s ,  A r e d u c t i o n  i n  
r e s o l v i n g  power shou ld ,  t h e r e f o r e ,  be expec ted  w i t h  i n c r e a s e d  f a s t  p a r t i c l e  
exposures ,  The u s e  o f  I I a  f i l m  i s ,  t h e r e f o r e ,  recommended because  i t  h a s  a  
h i g h e r  r e s o l v i n g  power t h a n  103a f i l m .  
PERKIN-ELMER 
Report  No. 9800 
F i g u r e  357 g i v e s  a v e r y  c rude  r e l a t i o n s h i p  between g r a n u l a r i t y  and 
r e s o l v i n g  power o b t a i n e d  by comparing t h e  g r a n u l a r i t y  d a t a  of v a r i o u s  Kodak 
a e r i a l  f i l m s .  The r e s o l v i n g  power i n  F i g u r e  357 f a l l s  o f f  a t  t h e  approx imate  
r a t e  of  0 .64  R / m m  pe r  0.001 i n c r e a s e  i n  g r a n u l a r i t y  a t  low c o n t r a s t  c o n d i t i o n s ,  
and a t  approx imate ly  l a 5  R l m m  per  0.001 i n c r e a s e  i n  g r a n u l a r i t y  a t  h igh 
c o n t r a s t  c o n d i t i o n s  
As can be s e e n  i n  F i g u r e  358,  a p a r t  from t h e  i n c r e a s e  i n  g r a i n i n e s s  d i r e c t l y  
due t o  t h e  r o e n t g e n  dose,  t h e r e  i s  a n  a d d i t i o n a l  i n c r e a s e  i n  g r a i n i n e s s  due  
t o  t h e  i n c r e a s e  i n  image g r o s s  d e n s i t y  needed t o  produce t h e  d e n s i t y  above 
g r o s s  f o g  r e q u i r e d  f o r  i'mage d e t e c t i o n .  
A thorough  s t u d y  o f  t h e  r a d i a t i o n  environment and s h i e l d i n g  requ i rements  i n  
a  3 0 0 - n a u t i c a l  m i l e  a l t i t u d e  s a t e l l i t e  w i t h  a  30-degree  o r b i t a l  i n c l i n a t i o n  
has  been conducted by t h e  Grumman A i r c r a f t  Eng ineer ing  Corpora t ion  (GAEC). 
R e s u l t s  of  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  a r t i f i c i a l  r a d i a t i o n  b e l t  i n  t h e  
r e g i o n  of  t h e  South A t l a n t i c  anomaly i s  r e s p o n s i b l e  f o r  n e a r l y  a l l  of  t h e  
r a d i a t i o n .  T h i s  i s  t r u e  i n  s p i t e  of t h e  f a c t  t h a t  o n l y  abou t  16  minu tes  
of  t h e  96 minute  o r b i t a l  p e r i o d  i s  s p e n t  i n  t h i s  r e g i o n ,  and t h a t  on ly  a b o u t  
h a l f  of  t h e  o r b i t a l  p a s s e s  made by t h e  s a t e l l i t e  pass  th rough  t h e  anomaly. 
Based on c a l c u l a t i o n s  of t h e  a v e r a g e  number of  s i l v e r  h a l i d e  g r a i n s  pe r  u n i t  
a r e a  and t h e  a v e r a g e  g r a i n  s i z e ,  t h e  s e n s i t i v i t y  of some t y p i c a l  Eastman Kodak 
pho tograph ic  f i l m s  i s  expressed  below i n  terms of t h e  number of r a d s  of lMeV 
gamma r a y s  t o  produce a  d e n s i t y  change of 0.20 above background f o g ,  
Type SC-7 1 .0  r a d  
Type 649-0 and 649-F 200 r a d  
Type I - N ,  M and Z 0.50 r a d  
0 0 
The f i r s t  t y p e  i s  a n  u l t r a v i o l e t  (7A t o  5000A) f i l m  used i n  r o c k e t  exper iments .  
It i s  f a s t  r e l a t i v e  t o  s p e c t r o g r a p h i c  f i l m s ;  t h e  exposure  index  i s  l 0 6  and has  
a  r e s o l u t i o n  of  50 cycles/mm a t  h i g h  c o n t r a s t .  It can be  used i n  a  ha rd  vacuum 
a t  z e r o  d e g r e e s  c e n t i g r a d e .  The zecond t y g e  i s  a  s t a n d a r d  u l t r a v i o l e t  t o  
v i s i b l e  s p e c t r o g r a p h i c  f i l m  (2500A t o  6200A) whigh c u t s  o f f  due t o  g e l a t i n  
a b s o r p t i o n  of u l t r a v i o l e t  a t  abou t  2500A t o  2000A. It i s  v e r y  slow--about 600 
t i m e s  t h e  f i r s t  f i l m  exposure  t ime  i n  t h e  u l t r a v i o l e t  r e g i o n ,  It has  a  v e r y  
h i g h  r e s o l u t i o n  of 2000 cycles/mmo The t h i r d  i s  a  s t a n d a r d  i n f r a r e d  f i l m  w i t h  
75 cycles/mm r e s o l u t i o n  and i s  q u i t e  f a s t o  It must no t  b e  a l lowed  t o  g e t  much 
above f r e e z i n g  t e m p e r a t u r e s  o r  e l s e  a  h i g h  f o g  l e v e l  r e s u l t s .  T h i s  i s  a  v e r y  
rough agreement w i t h  F i g u r e  359 (an  unpub l i shed  Kodak d a t a  s h e e t )  which shows 
t h a t  a  0.5 r o e n t g e n  (0,42 r a d )  1-MeV gamma r a y  exposure  r a i s e s  t h e  background 
f o g  l e v e l  of  t y p e  I D 2  s p e c t r o s c o p i c  f i l m  by 0 0 3 3  d e n s i t y  u n i t s .  
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The r i s e  i n  t o t a l  f o g  w i t h  p a r t i c l e  exposures  d e c r e a s e s  t h e  gamma of  t h e  
c h a r a c t e r i s t i c  cu rve .  (See F i g u r e  357,)'' T h i s  gamma r e d u c t i o n j  i n  t u r n ,  
d e c r e a s e s  c o n t r a s t  and reduces  t h e  r e l a t i v e  s e n s i t i v i t y  o f  t h e  f i l m ,  ( R e l a t i v e  
s e n s i t i v i t y  i s  t h e  r e c i p r o c a l  of  exposure  i n  ergs/cm2 r e q u i r e d  t o  produce a  
d e n s i t y  of  0.6 above g r o s s  fog . )  
F i g u r e  358 i s  a  p l o t  ( f o r  two f i l m s )  of  r e l a t i v e  g r a i n i n e s s  and t o t a l  f o g  
7'c as a  f u n c t i o n  o f  exposure  i n  r o e n t g e n s  of  1MeV gamma r a y s .  Note t h a t ,  
r e g a r d l e s s  o f  t h e  gamma r a y  exposure ,  g r a i n i n e s s  was measured a t  a  0.80 
d e n s i t y  above g r o s s  fog,  s o  t h a t  t h e  i n d i c a t e d  g r a i n i n e s s  i n c r e a s e s  w i t h  
gamma r a y  exposure  are independent  o f  g r a i n i n e s s  i n c r e a s e s  due t o  d e n s i t y  
i n c r e a s e s  a l o n e ,  The r e q u i r e d  0.80 d e n s i t y  w a s  a t t a i n e d  by t h e  s u p e r p o s i t i o n  
of  gamma r a y  exposure  and exposures  by 3 0 0 0 ~ ~  i l l u m i n a t i o n o  
According t o  F i g u r e  358 , t h e  i n h e r e n t  f i l m  g r a i n i n e s s  i s  a  rough measure  
of  f i l m  s e n s i t i v i t y  t o  gamma r a y s ,  The same c o n c l u s i o n  can be reached  
f o r  o t h e r  films.'* Type I D 2  S p e c t r o s c o p i c  f i l m  was chosen f o r  p r e s e n t a t i o n  
i n  F i g u r e  358 b e c a u s e  i t s  r e a c t i o n  t o  f a s t  p a r t i c l e s  i s  l i k e l y  t o  b e  
g r e a t e r  t h a n  t h a t  of  IIa-D s p e c t r o s c o p i c  f i l m ,  f o r  which s u i t a b l e  d a t a  was 
n o t  found,  (Although I Ia -D i s  n o t  normal ly  a v a i l a b l e  i n  f i l m ,  d i s c u s s i o n  
w i t h  s t a f f  members o f  Eastman Kodak, Roches te r ,  New York, i n d i c a t e s  t h a t  some 
might be  made on s p e c i a l  o r d e r ) .  Under s t a n d a r d  developments,  t h e  granu- 
l a r i t y  of  I D 2  f i l m  i s  a b o u t  0,14,  whereas t h e  g r a n u l a r i t y  of IIa-D f i l m  i s  
a b o u t  0 ~ 7 6 , f  A s  a r e s u l t  of  t h e  communication w i t h  Eastman Kodak, Kodak 
w i l l  t r y  t o  o b t a i n  s u i t a b l e  d a t a  f o r  103a and IIa f i l m s .  
* 
Corney, G .M. :  E f f e c t i v e  C h a r a c t e r i s t i c  Curves of  C e r t a i n  Gama-Ray-Fogged 
A e r i a l  Pho tograph ic  F i lms ,  Unpublished,  Eastman Kodak Research L i b r a r y ,  
Kodak Park ,  Roches te r ,  New York. 
** Corney, G.M. : Gamma-Ray S e n s i t i v i t y  o f  S e v e r a l  Black and White Nega t ive  
Pho tograph ic  F i lms .  Pho tograph ic  Sc ience  and Technique,  S e r i e s  11. Vol 2 ,  
No. 14,  November 1955, pp. 146-148. 
Corney, G . M . :  E f f e c t i v e  C h a r a c t e r i s t i c  Curves o f  C e r t a i n  Gamma-Ray-Fogged 
A e r i a l  Pho tograph ic  F i lms .  Unpublished,  Eastman Icodak Research L i b r a r y ,  
Kodak Park ,  Roches te r ,  New York. 
Lewis, J a c k  C . ,  and Harold  V. Wat t s :  E f f e c t s  o f  Nuc lea r  R a d i a t i o n  on t h e  
S e n s i t o m e t r i c  P r o p o e r t i e s  of Reconnaissance  Fi lms.  T e c h n i c a l  Repor t  
AFAE-TR-65-113, A i r  F o r c e  Avionics  Labora to ry  Research and Technology 
D i v i s i o n ,  A i r  Force  Systems Command, W r i g h t - P a t t e r s o n  AFB, Ohio, U.S.A.,  
A p r i l  1965. 
5 
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According t o  t h e  "Kodak P l a t e s  and ~ i l m s "  handbook, type  I f i l m  i s  a lmos t  
t w i c e  a s  g r a i n y  a s  t y p e  I I a  under  recommended d e v e l o ~ m e n t  Kodak p u b l i s h e d  
d a t a  on SC-7 f i l m  i n d i c a t e s  t h a t  i t  i s  g r a i n i e r  t h a n  SC-5 and DC-3 f i l m s .  
Because gamma r a y  s e n s i t i v i t y  of  f i l m  r i s e s  wi th  i n h e r e n t  g r a n u l a r i t y  ( s e e  
F i g u r e  358 ), t h e  gamma r a y  s e n s i t i v i t i e s  of I I a  and SC-5 s h o u l d  be  l e s s  than  
t y p e  I and SC-7, r e s p e c t i v e l y .  For t h e  purpose  of e s t i m a t i n g  s h i e l d i n g  r e q u i r e -  
ments ,  a  one r a d  r a d i a t i o n  dose  w i l l  be  c o n s i d e r e d  t o  be  t h e  maximum gamma 
r a y  t o l e r a n c e  l e v e l  o f  f i l m .  
The a r t i f i c i a l  r a d i a t i o n  b e l t  c o n s i s t s  of cha rged  p a r t i c l e s  (mos t ly  p ro tonc  
and e l e c t r o n s )  " t r apped"  by t h e  e a r t h ' s  magnet ic  f i e l d .  Neutrons  a r e  u n a f f e c t e d  
by magnet ic  f i e l d s  and cannot  be  t r a p p e d ;  mesons a r e  u n s t a b l e  and s h o r t  
l i v e d ;  and heavy a tomic  n u c l e i  a r e  v e r y  few i n  number by comparison w i t h  
p ro tons  and  e l e c t r o n s .  A g iven  number of r a d s  o f  gamma r a y  exposure  w i l l  b e  
assumed t o  be  e q u i v a l e n t  t o  t h e  same number of  r a d s  of p ro ton  o r  e l e c t r o n  
e x p o s u r e . "  Cobalt  60 gamma r a y s  have been foundk* t o  have p r a c t i c a l l y  t h e  
same e f f e c t  on f i l m  a s  any gamma r a y s  h a v i n g  a  1 MeV energy o r  g r e a t e r .  
F i g u r e  360 , p l o t t e d  from r e s u l t s  of  t h e  Grumman s t u d y ,  g i v e s  t h e  s h i e l d i n g  
r e q u i r e m e n t s  a s  a  f u n c t i o n  o f  t h e  number of  days t o  a c q u i r e  a  1 - rad  dose  from 
p r o t o n s  o r  e l e c t r o n s  ( i n c l u d i n g  secondary emiss ion  from t h e  s h i e l d i n g ) .  
F i g u r e  359 t r a n s l a t e s  p o i n t s  from F i g u r e  361  i n t o  t h e  s h i e l d i n g  we igh t  needed 
t o  s h i e l d  a  c y l i n d r i c a l  volume e i g h t  i n c h e s  i n  d iamete r  and f o u r  i n c h e s  h i g h .  
The f i l m  is  assumed t o  remain w i t h i n  t h i s  volume and w i t h i n  t h e  s p a c e c r a f t .  
T h i s  assumpt ion i s  v a l i d  i f  t h e  f i l m  i s  removed on ly  when away from t h e  
v i c i n i t y  of  t h e  South A t l a n t i c  anomaly, The s p a c e c r a f t  i s  assumed t o  p r o v i d e  
abou t  4  grams pe r  s q u a r e  c e n t i m e t e r  o r  aluminum s h i e l d i n g .  T h i s  c o r r e s p o n d s  
t o  a n  aluminum t h i c k n e s s  o f  abou t  1 .5  c e n t i m e t e r s .  It i s  p o s s i b l e  t h a t  a  
p l a c e  i n  t h e  s p a c e c r a f t  e x i s t s  (such a s  between c ryogen ic  s u p p l y  b o t t l e s )  
where t h e  e q u i v a l e n t  s h i e l d i n g  i s  g r e a t e r  t h a n  4  grams pe r  s q u a r e  c e n t i m e t e r .  
F i lm s t o r a g e  i n  such a  p l a c e  cou ld  c o n s i d e r a b l y  reduce  t h e  r e q u i r e d  weight  o f  
t h e  a d d i t  iona  1 s h i e l d i n g  needed.  
The i n f l e c t i o n  i n  t h e  c u r v e s  of  F i g u r e  360 a t  abou t  4  grams p e r  s q u a r e  c e n t i -  
me te r  o f  s h i e l d i n g  marks a  change i n  t h -  ::redominant s o u r c e  o f  t h e  accumulated 
r a d i a t i o n  dose .  When t h e  s h i e l d i n g  i s  l e s s  t h a n  abou t  4  grams p e r  s q u a r e  
c e n t i m e t e r ,  t h e  r a d i a t i o n  dose  r a t e  from e l e c t r o n s  predominates  because  t h e  
number of  e l e c t r o n s  t r a p p e d  i n  t h e  r a d i a t i o n  b e l t  exceeds t h e  number of  
t r a p p e d  p r o t o n s .  When t h e  s h i e l d i n g  exceeds  abou t  4  grams per  s q u a r e  c e n t i m e t e r ,  
t h e  r a d i a t i o n  dose  r a t e  from p r o t o n s  predominates  because ,  i n  t h e  Van A l l e n  
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Figure 361.Shielding Weight Needed to Shield a Cylindrical 
Volume (8 inch Diamter by 4 inches) from Doses 
Exceeding one Rad as a Function of Days Exposure. 
PERKIN-ELMER 
Keport  No. 9800 
B e l t ,  t h e  p e n e t r a t i n g  power of  p r o t o n s  g e n e r a l l y  exceeds  t h a t  of  e l e c t r o n s .  
T h i s  h i g h e r  p ro ton  p e n e t r a t i n g  power e x i s t s  i n  s p i t e  of t h e  r e l a t i v e l y  l a r g e  
c o l l i s i o n  c r o s s  s e c t i o n  of  t r a p p e d  p ro tons  because  they  g e n e r a l l y  have much 
h i g h e r  k i n e t i c  energy t h a n  t r a p p e d  e l e c t r o n s .  
A l t e r n a t e  means of p r o t e c t i o n  of  pho tograph ic  f i l m  from t h e  e f f e c t s  of  i o n i z i n g  
r a d i a t i o n  shou ld  b e  s t u d i e d  f o r  t h e i r  p r a c t i c a l i t y  and f e a s i b i l i t y .  For example, 
i t  i s  known t h a t  t h e  l a t e n t  image produced by charged p a r t i c l e s  f a d e s  i n  t ime .  
L a t e n t  image f a d i n g  depends on many parameters  i n c l u d i n g  emuls ion compos i t ion ,  
f l u x  t y p e  and s p e c i f i c  i o n i z a t i o n  of t h e  expos ing  p a r t i c l e s  and s t o r a g e  c o n d i t i o n s  
o f  a tmosphere ,  humid i ty  and t e m p e r a t u r e .  Exposure produced by h i g h  s p e c i f i c  
i o n i z a t i o n  p a r t i c l e s  a r e  more s t a b l e  t h a n  t h o s e  by low. Thus, t e c h n i q u e s  f o r  
l a t e n t  image e r a d i c a t i o n  must accoun t  f o r  t h e  d i f f e r e n t i a l  f a d i n g  between 
v a r i o u s  t y p e s  of cha rged  p a r t i c l e s .  Fading r a t e  a p p e a r s  t o  b e  enhanced by s t o r a g e  
i n  a n  a tmosphere  c o n t a i n i n g  i n c r e a s e d  amounts of oxygen o r  hydrogen pe rox ide .  
Pe rhaps  t h e  g r e a t e s t  i n f l u e n c e  on f a d i n g  i s  e x e r t e d  by emuls ion m o i s t u r e  c o n t e n t ,  
which i n  t u r n  depends on a tmospher ic  humid i ty .  Other  methods t o  minimize t h e  
fo rmat ion  of a  l a t e n t  image i n c l u d e  low t e m p e r a t u r e  s t o r a g e  p r i o r  t o  u s e .  
I n  summary, t h e  main problems of  u s i n g  pho tograph ic  emuls ions  i n  space  a r e  t h e  
d e l e t e r i o u s  e f f e c t s  of Van A l l e n  B e l t  r a d i a t i o n  and r e c i p r o c i t y  f a i l u r e  ( low 
l i g h t  s e n s i t i v i t y )  a t  long exposure  t imes .  Both problems a r e  i n d i r e c t l y  aggra-  
v a t e d  by t h e  t e l e s c o p e ' s  F/200 convergence cone-imagery.  Because t h e  image 
l i g h t  i n t e n s i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  f-number, t h e  
i n t e n s i t y  a t  ~ 1 2 0 0  i s  100 t imes  dimmer t h a n  t h a t  a t  F/20.  I n  o r d e r  t o  r e c o r d  
images a t  v e r y  low l i g h t  l e v e l s ,  i t  i s  n e c e s s a r y  t o  u s e  f a s t  emuls ions  (which 
a r e ,  u n f o r t u n a t e l y ,  most s e n s i t i v e  t o  Van Al len  B e l t  r a d i a t i o n )  a t  ve ry  l o n g  
exposure  t i m e s  (sometirties exceed ing  2000 seconds ) .  Although t h e  s p e c t r o m e t e r  
o p e r a t e s  a t  F/20,  it a l s o  s u f f e r s  from low l i g h t  l e v e l  r e c o r d i n g  problems due 
t o  h i g h  d i s p e r s i o n  and d e t e r i o r a t i n g  s u r f a c e  r e f l e c t i v i t y  o f  r e f l e c t i v e  o p t i c a l  
e l ements  i n  t h e  f a r  u l t r a v i o l e t  s p e c t r a l  r e g i o n .  
Kodak t y p e  I I a  s p e c t r o s c o p i c  emuls ion i s  recommended f o r  r e c o r d i n g  imagery w i t h  
t h e  t e l e s c o p e  because  of  i t s  h i g h  l i g h t  s e n s i t i v i t y  a t  long  exposure  t i m e s  and 
i t s  a d e q u a t e  r e s o l v i n g  power. Kodak 103a h a s  s l i g h t l y  h i g h e r  s e n s i t i v i t y  a t  
long  exposure  t i m e s  b u t  a  lower r e s o l v i n g  power. Other  Kodak emuls ions  s u f f e r  
from s e v e r e  r e c i p r o c i t y  f a i l u r e  a t  long  exposure  t i m e s .  
The two k i n d s  of  pho tograph ic  sys tems c o n s i d e r e d  f o r  r e c o r d i n g  t h e  s p e c t r o m e t e r  
o u t p u t  a r e  s p e c i a l  u l t r a v i o l e t  s e n s i t i v e  "~chumann" e m u l s i o n s o w i t h  p r a c t i c a l l y  
no g e l a t i n  ( g e l a t i n  i s  opaque t o  u l t r a v i o l e t  l i g h t  below 2000A), and r e g u l a r  
I I a - 0  emuls ion c o a t e d  w i t h  a  s p e c i a l  f l u o r e s c e n t  m a t e r i a l  which c o n v e r t s  u l t r a -  
v i o l e t  l i g h t  i n t o  l i g h t  which p e n e t r a t e s  g e l a t i n  and s e n s i t i z e s  t h e  emuls ion.  
The advan tages  and d i s a d v a n t a g e s  of t h e s e  f i l m s  a r e  summarized i n  ~ a b l e s 4 9  and 
50. 
The p r imary  advan tages  of  I I a  c o a t e d  emuls ions  a r e  t h a t  t h e y  have a  f a i r l y  
un i fo rm s p e c t r a l  r e sponse  and t h a t  t h e y  a r e  a v a i l a b l e  i n  t h e  same forms a s  
uncoated I I a .  T h i s  makes i t  p o s s i b l e  t o  u s e  t h e  same p r o c e s s i n g ,  t r a n s p o r t ,  
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and o t h e r  h a n d l i n g  mechanisms f o r  b o t h  t h e  t e l e s c o p e  and s p e c t r o m e t e r .  I f  
"schumann" emuls ions  a r e  used w i t h  t h e  s p e c t r o m e t e r ,  then  t h e  e x t r a  w e i g h t  and 
b u l k  of a d d i t i o n a l  h a n d l i n g  mechanisms must be  cons ide red  because  of  t h e  l i m i t e d  
forms of a v a i l a b i l i t y  of "~chumann" emuls ions .  Also ,  c o a t e d  I l a - 0  i s  l i k e l y  t o  
b e  more l i g h t  s e n s i t i v e  a t  v e r y  long exposure  t imes  t h a n  "Schumann" emuls ions  -- 
u n l e s s  s p e c i a l  t e c h n i q u e s  (such a s  r e f r i g e r a t i o n  d u r i n g  exposure ,  which w i l l  be  
t h e  n a t u r a l  environment of f i l m  i n  s p a c e  anyway) a r e  proven and used t o  a r r e s t  
r e c i p r o c i t y  f a i l u r e  i n  "Schumann" emuls ions .  
The c h i e f  advan tage  of  "~chumann" emuls ions  a r e  a  h i g h e r  ( i f  t h e  r e c i p r o c i t y  
f a i l u r e  problem i s  s o l v e d )  l i g h t  s e n s i t i v i t y  c o a t e d  I I a - 0 ,  e s p e c i a l l y  
i n  t h e  f a r  u l t r a v i o l e t  s p e c t r a l  r ange ,  and a  lower s e n s i t i v i t y  t o  Van A l l e n  B e l t  
r a d i a t i o n .  A p o s s i b l e  d i s a d v a n t a g e  i s  t h e  n e c e s s i t y  of  r e f r i g e r a t i n g  Kodak 
"Schumann" emuls ions  ( i . e . ,  SWR, DC-3, SC-5, and SC-7) d u r i n g  s t o r a g e .  
Assume t h e  u s a b l e  t e l e s c o p e  format  d imensions  t o  be  70 by 70 m i l l i m e t e r s ,  and t h e  
u s a b l e  s p e c t r o m e t e r  format  t o  b e  70 by 80 m i l l i m e t e r s .  The u s e  o f  7 0 - m i l l i m e t e r  
f i l m  f o r  bo th  a p p l i c a t i o n s  a p p e a r s  t o  be  a n  a t t r a c t i v e  p o s s i b i l i t y  b e c a u s e  
f i l m  h a n d l i n g  mechanisms a r e  l i g h t e r  and l e s s  bulky t h a n  p l a t e  h a n d l i n g  mechanisms. 
U n f o r t u n a t e l y ,  Kodak DC-3, SC-5, and SC-7 a r e  s u p p l i e d  o n l y  i n  3 5 - m i l l i m e t e r  by 
180-mi l l ime te r  u n p e r f o r a t e d  f i l m  s t r i p s .  Kodak SWR i s  s u p p l i e d  on ly  on p l a t e s  
and i n  35 m i l l i m e t e r  by 2 5 - f e e t ,  3 - inch  u n p e r f o r a t e d  f i l m  r o l l s .  Kodak I I a  f i l m  
( c o a t e d  and uncoated)  can,  however, b e  made a v a i l a b l e  i n  70-mi l l ime te r  f i l m  
r o  11s.  
Bimat p r o c e s s i n g  i s  n o t  recommended by Kodak f o r  e i t h e r  "~chumann" emuls ions  
o r  ILa emuls ions .  The u s e  of wet p r o c e s s i n g  equipment i n  o r b i t  i s ,  t h e r e f o r e ,  
i n d i c a t e d .  
It i s  d e s i r a b l e  t h a t  t h e  sys tem r e s o l v i n g  power n o t  be lowered by t h e  r e c o r d i n g  
emulsion.  The r e s o l v i n g  powers of  u l t r a v i o l e t  c o a t e d  I I a  f i l m  and "Schumann" 
emuls ions  might b e  a b i t  lower t h a n  d e s i r e d  i n  t h i s  c a s e  of t h e  s p e c t r o m e t e r ,  
e s p e c i a l l y  because  1) Van Al len  B e l t  r a d i a t i o n  i n c r e a s e s  g r a n u l a r i t y ,  and 2 )  
o p t i m i s t i c  e s t i m a t e s  of t h e  s p e c t r o m e t e r  r e s o l v i n g  power may b e  r e a l i z e d .  The 
u s e  o f  l e s s  g r a i n y  (and,  u n f o r t u n a t e l y ,  l e s s  l i g h t  s e n s i t i v e )  emuls ions  t h a n  I I a  
might be  c o n s i d e r e d  i f  t h e  r e c i p r o c i t y  f a i l u r e  problem can be  so lved .  
P r a c t i c a  l l y  a  11 t h e  r a d i a t i o n  dose  i n  a  300-nau t i ca  1 m i l e  a l t i t u d e ,  30-degree  
i n c l i n a t i o n  o r b i t  comes from t h e  t r a p p e d  h i g h  speed  p r o t o n s  and e l e c t r o n s  i n  
t h e  Van A l l e n  B e l t .  The r a d i a t i o n  dose  i s  s u f f i c i e n t l y  s e v e r e  t o  make a 30- 
day s u r v i v a l  i n  o r b i t  of  unprocessed 103a, I I a ,  SWR, DC-3, SC-5, o r  SC-7 
emuls ions  u n f e a s i b l e .  F i g u r e  361  shows t h a t  3  d a y s 1  s u r v i v a l  r e q u i r e s  a b o u t  
12 pounds of aluminum s h i e l d i n g  and t h a t  7  days '  s u r v i v a l  r e q u i r e s  a b o u t  80 
pounds o f  aluminum s h i e l d i n g .  The volume s h i e l d e d  was assumed t o  be  c y l i n d r i c a l  
($ - inch  d iamete r  by 4 i n c h e s ) .  It shou ld  b e  p o i n t e d  o u t  t h a t  t h e s e  f i g u r e s  
a r e  c r u d e  e s t i m a t e s  based on a  1966 s p a c e  r a d i a t i o n  environment.  On t h e  b a s i s  
of  t h e  e s t i m a t e d  1972 space  r a d i a t i o n  environment,  on ly  8 pounds of s h i e l d i n g  
w i l l  be r e q u i r e d  f o r  8  d a y s '  s u r v i v a l  i n  s p a c e .  T h i s  e s t i m a t e d  dose  d e c r e a s e  
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i s  p a r t l y  due t o  a n  expec ted  l eakage  of h i g h  speed p r o t o n s  and e l e c t r o n s  from 
t h e  Van A l l e n  B e l t  and p a r t l y  due t o  h i g h e r  s o l a r  a c t i v i t y  e x p e c t e d  i n  1972. 
High s o l a r  a c t i v i t y  h e a t s  t h e  a tmosphere  and r a i s e s  t h e  t r a p p e d  r a d i a t i o n  b e l t  
p a r t l y  away from t h e  3 0 0 - n a u t i c a l  m i l e  a l t i t u d e  o r b i t ,  t h u s  d e c r e a s i n g  t h e  
dose  r a t e .  
Van A l l e n  B e l t  r a d i a t i o n  no t  on ly  f o g s  f i l m  b u t  a l s o  i n c r e a s e s  g r a n u l a r i t y  and 
r e d u c e s  r e s o l v i n g  power. The l a t t e r  e f f e c t  i s  e s p e c i a l l y  d e l e t e r i o u s  
because  of  t h e  m a r g i n a l  r e s o l u t i o n  o f  emuls ions  c o n s i d e r e d  f o r  u s e  i n  t h e  
s p e c t r o m e t e r .  
The u s e  o f  f i n e r  g r a i n  emuls ions  would b o t h  i n c r e a s e  r e s o l v i n g  power and reduce  
t h e  r e q u i r e d  s h i e l d i n g  weight  f o r  a  g iven  s u r v i v a l  t ime .  A ; s o c i a t e d  w i t h  
f i n e r  g r a i n  emuls ions  a r e  reduced i n h e r e n t  l i g h t  s e n s i t i v i t y  and s e v e r e  r e c i -  
p r o c i t y  f a i l u r e  a t  long exposure  t i m e s  by comparison w i t h  103a and 
I I a  . 
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HIM RESOLUTION HIGH EFFICIENCY ECHELLE SPECTROGRAPH 
F i g u r e  362. E c h e l l e  Spectrograms 
Experiment O b j e c t i v e  
The o b j e c t i v e  i s  t o  c o n s t r u c t  a  two-element vacuum u l t r a v i o l e t  e c h e l l e  s p e g t r o -  
graph c a p a b l e  o f  o v e r a l l  o p t i c a l  e z f i c i e n c i e s  upward o f  10 p e r c e n t  a t  l O O O A  
and a  r e s o l u t i o n  c a p a b i l i t y  of  0.1A a t  t h i s  wavelength  and demons t ra te  t h i s  
c a p a b i l i t y  i n  t h e  l a b o r a t o r y .  The two e lements  a r e  a  h i g h - d i s p e r s i o n  e c h e l l e  
g r a t i n g  and a n  o r d e r  - s e p a r a t i n g  and f o c u s i n g  p r e -  o r  p o s t -  d i s p e r s e r .  
A two-element e c h e l l e  s p e c t r o g r a p h  ( ~ i g u r e  363 ) h a s  been b u i l t  and t e s t e d  f o r  
P r i n c e t o n  u n i v e r s i t y A ,  and t h e  e f f i c i e n c y  was found t o  b e  on ly  2.85 p e r c e n t  
a t  1600A. N e i t h e r  e f f i c i e n c y  n o r  s p e c t r a l  r e s o l u t i o n  was measured a t  1000A, 
and no a t t e m p t s  a t  measur ing r e s o l u t i o n  were made a t  any wavelength  ( a l t h o u g h  
.fa 
Grosso, R D. : Measurement o f  E'f i c i e n c y  o f  TTJO Element E c h e l l e  S p e c t r o g r a p h .  
Perkin-E:mer Repor t  No. 9608. A p r i l  2 ,  1969. 
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F i g u r e  3 6 3 ,  Two Element E c h e l l e  Spec t rograph  
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t h e  2653.71 and 2655 .ix l i n e s .  of mercury were c l e a r l y  r e s o l v e d  e s t a b l i s h i n g  t h a t  
t h e  d e s i r e d  s c a l e  was a c h i e v e d  and r e s o l u t i o n  c a p a b i l i t y  e x i s t s , S e e  F i g u r e  1 ) .  A 
follow-on study" showed t h a t  much h i g h e r  e f f i c i e n c i e s  a r e  p o s s i b l e  (40 p e r c e n t ,  
n e g l e c t i n g  r e f l e c t i o n  l o s s e s )  i f  a  v a r i a b l e  a n g l e  b l a z e  can be  r u l e d  on t h e  
concave p r e d i s p e n s e r  g r a t i n g .  Fur thermore ,  t h e  a d d i t i o n a l  t h e o r e t i c a l  work shows 
t h a t  t h e  low e f f i c i e n c y  measured ( s e e  Perkin-E!mer Repor t  No. 9608) i s  a l l  t h a t  
i s  t o  b e  expec ted  f o r  t h e  p a r t i c u l a r  n o n - v a r i a b l e  b l a z e  used i n  t h e  concave 
g r a t i n g .  ( F i g u r e  364 shows t h e  t h e o r e t i c a l  e f f i c i e n c y  f o r  a n  f /  10 ( i n p u t )  
f o c u s i n g  g r a t i n g  f o r  v a r i o u s  uniform g r a t i n g  b l a z e  a n g l e s .  Superimposed a r e  t h e  
measured e f f i c i e n c y  p o i n t s . )  
Experiment J u s t i f i c a t i o n  
Improvements i n  o p t i c a l  e f f i c i e n c y  a r e ,  o f  c o u r s e ,  e q u i v a l e n t  t o  i n c r e a s i n g  
t h e  s i z e  o f  t h e  t e l e s c o p e  a p e r t u r e  ( w i t h  r e g a r d  t o  s i g n a l  t o  n o i s e  a t  t h e  
Eocal p l a n e ) .  I n h e r e n t l y  h i g h e r  o p t i c a l  e f f i c i e n c i e s  a r e  p o s s i b l e  a s  t h e  
number of  r e f l e c t i o n s  i s  r educed ;  hence,  t h e  m o t i v a t i o n  f o r  a  two-element 
v s  a  t h r e e -  o r  four-element e c h e l l e  s p e c t r o g r a p h .  The on ly  Jay a  two-element 
e c h e l l e  s p e c t r o g r a p h  c a n  work w i t h  t h e  h i g h e s t  e f f i c i e n c y  i s  t o  have a  v a r i -  
a b l e  b l a z e  a n g l e  r u l e d  on t h e  concave o r  f o c u s i n g  g r a t i n g .  
T e c h n i c a l  B e n e f i t  
F i g u r e  365 i l l u s t r a t e s  what i s  meant by b l a z e  a n g l e  on a  g r a t i n g  and a l s o  
i l l u s t r a t e s  t h e  need f o r  a  v a r i a b l e  b l a z e  a n g l e .  Note t h a t  on a concave 
g r a t i n g ,  t h e  b l a z e  a n g l e  i s  c o r r e c t  o n l y  over  a  s m a l l  p a r t  of t h e  g r a t i n g  
The b l a z e  a n g l e  on a  concave g r a t i n g  i s  p r e s e n t l y  l i m i t e d  t o  a n g l e s  g r e a t e r  t h a n  
t h e  maximum s l o p e  o f  t h e  o p t i c a l  s u r f a c e .  I n  t h e  c a s e  of P r i n c e t o n  d e s i g n ,  ( F i g u r e  366) 
t h e  "optimum" b l a z e  a n g l e  i s  0.774 degrees ,  b u t  because  o f  t h e  above,  t h e  minimum 
b l a z e  a n g l e  p o s s i b l e  w i t h  e x i s t i n g  r u l i n g  e n g i n e s  i s  2 d e g r e e s .  T h i s  i s  a  
problem w i t h  a  11 low f-number d i f f r a c t i o n  g r a t i n g s .  
F i g u r e  367 shows a  v a r i a b l e  b l a z e  concave g r a t i n g .  Note t h a t  each  f a c e t  o f  
t h e  g r a t i n g  i s  a t  t h e  same a n g l e  r e l a t i v e  t o  t h e  incoming l i g h t  r a y s  a s  a l l  t h e  
o t h e r  f a c e t s ;  hence,  t h e  energy  r e f l e c t e d  i n  t h e  d i f f r a c t i o n  d i r e c t i o n  i s  
maximized. Thus, t h e  o p t i c a l  e f f i c i e n c y  of  a  f o c u s i n g  g r a t i n g  i s  r a d i c a l l y  
i n c r e a s e d .  
* 
Markle,  D A : T h e o r e t i c a l  E f f i c i e n c y  of t h e  P r i n c e t o n  Two-El-ement E c h e l l e  
Spec t rograph .  Perkin-Elmer E n g i n e e r i n g  Repor t  No. 9746. September,  1969. Th i s  
and t h e  f i r s t  f o o t n o t e d  r e p o r t  were suppor ted  by NASA under C o n t r a c t  No. 
NGR-3 1-00 1-044. 
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F i g u r e  364. E f f e c t  of Blaze  Angle (a)  on P r e d i s p e r s e r  Gra t ing  
E f f i c i e n c y  ( f / 1 0  System) 
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View From Format S i d e  
View Showing E c h e l l e  G r a t i n g  Top View 
F i g u r e  3 6 6 .  Breadboard G r a t i n g  Assembly Two-Element E c h e l l e  S p e c t r o g r a p h -  
P r i n c e t o n  U n i v e r s i t y  
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Incoming 
Radiation 
Figure 367. Variable Blaze Focusing Grating 
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B a s i c  Experiment Hardware 
@ R u l i n g  e n g i n e  w i t h  s e r v o - c o n t r o l l e d  r u l i n g  dismount t o  v a r y  b l a z e  
a n g l e  (new development)  
@ S e t  of  p r o p e r l y  r u l e d  d i f f r a c t i o n  g r a t i n g s  
0 
U l t r a v i o l e t  s o u r c e  of adequa te  i n t e n s i t y  a t  1000A 
V a c u u m  u l t r a v i o l e t  d e t e c t o r s  ( S E C  v i d i c o n  and u l t r a v i o l e t  p h o t o m u l t i p l i e r s )  
@ V a c u u m  t e s t  bed ( i n  e x i s t e n c e ,  s e e  F i g u r e  368). 
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F i g u r e  368, Exper imenta l  Breadboard System 
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CHAPTER 18.  RESOURCES ANALYSIS 
The Large Telescope Experiment Program i s  subd iv ided  i n t o  f o u r  prime development 
a r e a s ;  t h e s e  a r e :  
e Telescope Development 
o Sensor  and Ins t rument  Development 
e Opera t ions  Development 
e A c c e s s o r i e s  f o r  Large Space Telescope 
Included under  t h e  Te lescope  Development Program a r e :  t h e  development o f  t h e  
primary m i r r o r ,  secondary  m i r r o r ,  a l ignment  t echn iques ,  p o i n t i n g  t echn iques  and 
con tamina t ion  c o n t r o l .  The s e n s o r  and i n s t r u m e n t  development program encompasses 
t h e  "beh ind- the -mi r ro r t '  s c i e n t i f i c  i n s t r u m e n t a t i o n  and exper iments .  The Opera- 
t i o n s  Development Program i n c l u d e s  t h e  d a t a  p r o c e s s i n g  r e s e a r c h  such a s  image 
enhancement, F o u r i e r  Spectroscopy d a t a  a n a l y s i s  and s y n t h e t i c  a p e r t u r e  r e s e a r c h ,  
manned o p e r a t i o n s  r e s e a r c h  and unmanned o p e r a t i o n s  r e s e a r c h .  I n  t h e  manned 
o p e r a t i o n s  r e s e a r c h ,  human f a c t o r  d e s i g n  c r i t e r i a  f o r  EVA and I V A  a s t r o n a u t  i n p u t s  
a r e  developed.  I n  t h e  unmanned o p e r a t i o n s  r e s e a r c h  t h e  as t ronomers '  a n a l y s i s  
modes and i n - o r b i t  program a l t e r a t i o n s  l e a d i n g  t o  d e s i g n  c r i t e r i a  a r e  developed.  
I n  t h e  f o u r t h  and l a s t  developmental  a r e a ,  a c c e s s o r i e s  f o r  The Large Space 
Telescope,  development of l a r g e  span s t e l l a r  i n t e r f e r o m e t e r s  a n d / o r  s y n t h e t i c  
dev ices  l e a d i n g  t o  s u p e r - r e s o l u t i o n  c a p a b i l i t y  a r e  developed.  F i g u r e  369 shows 
a  t ime o r i e n t e d  PERT schedule  f o r  development i n  t h e  f o u r  technology a r e a s .  
The Funding Requirements f o r  meet ing t h i s  s c h e d u l e  a r e  shown i n  F i g u r e s  370, 371, 
and 372. I n  a d d i t i o n ,  t h e  s p a c e c r a f t  development and mode-par t i cu la r  r equ i rements  
a r e  included i n  t h e s e  c h a r t s .  
As p r e v i o u s l y  i n d i c a t e d ,  e i t h e r  of t h e  piggyback approaches  o r  t h e  independen t  
concep t s  a r e  cons idered  f e a s i b l e .  F u r t h e r ,  t h e  b a s i c  2-meter t e l e s c o p e  c o n f i g u r a -  
t i o n  w i l l  r e a d i l y  a d a p t  t o  t h e s e  v a r i o u s  o p e r a t i o n a l  approaches .  Thus, t h e  b a s i c  
d e c i s i o n  a s  t o  t h e  optimum program implementat ion need no t  be completed p r i o r  
t o  con t inued  e f f o r t  on t h e  system. Phase B e f f o r t  can proceed on t h e  b a s i c  con- 
f i g u r a t i o n  w i t h  e q u a l  a p p l i c a b i l i t y  t o  t h e  u l t i m a t e  mode of implementat ion.  A 
programmatic s e l e c t i o n  w i l l  be r e q u i r e d  a t  t h e  end of Phase B e f f o r t  ( i . e . ,  l a t e  
CY 1970).  This  i s  p a r t i c u l a r l y  t r u e  i f  t h e  e a r l i e s t  f l i g h t  d a t e  ( Ju ly  1974) i s  
s e l e c t e d  f o r  t h e  t e l e s c o p e  l aunch .  E a r l y  i n i t i a t i o n  of development of t h e  b a s i c  
2-meter t e l e s c o p e  c o n f i g u r a t i o n  w i t h  t h e  ~ r o ~ u l s i o n / S u p p o r t  Module i s  recommended. 
The phase d e f i n i t i o n s  and a  summary t a b u l a t i o n  of t h e s e  c o s t s  i s  p r e s e n t e d  i n  
Table 52. 
I n  t h e  pa ragraphs  which fo l low,  t h e  immediate s t e p s  needed t o  implement t h e  
program a r e  d e t a i l e d .  
TELESCOPE DEVELOPMENT PROGRAM 
The t e l e s c o p e  development program may be f u r t h e r  subdivided i n t o  t h e  f o l l o w i n g  
c a t e g o r i e s  : 
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I .  M i r r o r s  Research 
2 .  Telescope P o i n t i n g  Development 
3 .  Alignment Techniques 
4. Contaminat ion Cont ro l  
M i r r o r  technology i s  under  development and t h e  nex t  s t e p  i s  t o  b u i l d  a  f u l l  s c a l e  
2-meter a c t i v e  o p t i c  a s p h e r i c  m i r r o r  w i t h  a l ignment  o f  t h e  secondary m i r r o r  and 
f i g u r e  s e n s o r  i n c o r p o r a t e d  i n t o  t h e  f i g u r e  s e n s o r  implementat ion.  Experiments 
i n  both  segmented a c t i v e  primary and deformable pr imary m i r r o r s  w i l l  be done s o  
t h a t  by mid 1972 a  s t a g e  I1 deformable  m i r r o r  concept  w i l l  be reached .  By t h i s  
t l m  a n  e n g i n e e r i n g  model w i l l  e x i s t  i n  a  t e s t  chamber t h e  d e s i g n  of which i s  
based on a  s i g n i f i c a n t  r o c k e t  l aunch  and space  o p e r a t i o n  parameters  s o  t h a t  f i n a l  
d e s i g n  could  commence. 
I n  p a r a l l e l  w i t h  development of t h e  a c t i v e  o p t i c  p r i n c i p l e ,  m a t e r i a l  r e s e a r c h  
w i l l  be conducted hav ing  two o b j e c t i v e s  i n  mind. The f i r s t  concerns  m a t e r i a l  
s t a b i l i t y  and o t h e r  mechanical  pa ramete rs .  The second o b j e c t i v e  i s  r e s e a r c h  
i n t o  maximizing t h e  r e f l e c t a n c e  of t h e  c o a t i n g s  on t h e  primary m i r r o r .  F u l l  
s c a l e  m i r r o r s  w i l l  be s u b j e c t e d  t o  v i b r a t i o n  and thermal  vacuum t e s t i n g  i n  a  
c o n f i g u r a t i o n  s u f f i c i e n t l y  l i k e  t h a t  of t h e  a c t i v e  o p t i c  pr imary m i r r o r  t o  prove 
d e f i n i t i v e l y  which m i r r o r  m a t e r i a l  should  be used i n  t h e  LTEP technology 
t e l e s c o p e .  Experiments w i t h  e l e c t r o s t a t i c  s h i e l d i n g  i n  c o a t i n g  o v e r c o a t s  w i l l  
be conducted t o  de te rmine  whether  o r  n o t  t h e  s u s c e p t i b i l i t y  t o  con tamina t ion  can 
be reduced.  The p o s s i b i l i t y  of i n - o r b i t  r e fu rn i shment  of t h e  c o a t i n g s  w i l l  a l s o  
be f u r t h e r  i n v e s t i g a t e d .  
I n  t h e  p o i n t i n g  development program t h e  vacuum F r e e  F l o a t  demons t ra t ion  o u t l i n e d  
i n  t h e  nonspace exper iments  w i l l  be c a r r i e d  through. Photographs o f  t h e  f a c i l i t y  
t h a t  a l r e a d y  e x i s t s  f o r  c a r r y i n g  o u t  t h e s e  exper iments  w i l l  be found i n  t h a t  
s e c t i o n .  
The p h y s i c a l  f a c i l i t i e s  o r b u i l d i n g s  f o r  accomplishing t h e  t e l e s c o p e  development 
program a r e  d e s c r i b e d  i n  t h e  f i n a l  p a r t  of t h i s  s e c t i o n .  A s i g n i f i c a n t  o p t i c a l  
r e s o u r c e  - n o t  c u r r e n t l y  i n  e x i s t e n c e  i s  a  d i f f r a c t i o n - l i m i t e d  t e s t  f l a t  of s u f -  
f i c i e n t  s i z e  t o  t e s t  a  two- ( o r  f i v e )  meter  t e l e s c o p e .  S i m i l a r l y ,  t e s t  s p h e r e s  
of adelluate s i z e  t o  t e s t  secondary m i r r o r s  must be f a b r i c a t e d .  A s t u d y  shou ld  
be made t o  determine t h e  b e s t  means f o r  t e s t i n g  t h e  space  t e l e s c o p e ;  t h e n  t h e  
t e s t  metrology equipment must be manufactured.  Manufactur ing such l a r g e  t e s t  
o p t i c s  t o  t h e  p r e c i s i o n  d i c t a t e d  by a  l a r g e  space t e l e s c o p e  w i l l  r e q u i r e  advances 
i n  o p t i c a l  technology. 
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Figure 370. Funding Requirements for Titan IIIC - Unmanned LTEP 
and Rendezvous LTEP 
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F i g u r e  3 7 2 .  F u n d i n g  R e q u i r e m e n t s  f o r  S a t u r n  IB-LTEP ( W i t h  M o t e l )  
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POINTING DEVELOPMENT PROGRAM 
There w i l l  be two a s p e c t s  t o  t h e  p o i n t i n g  development program, a t  l e a s t  
i n i t i a l l y .  The f i r s t  w i l l  be concerned w i t h  s p a c e - q u a l i f i e d  t r a n s f e r  l e n s  
sys tem and t h e  second w i t h  a d d i t i o n a l  development of t h e  f r e e f l o a t  magnet ic  
suspens ion  t echn ique .  Again, t h e  t e c h n i c a l  d e s c r i p t i o n  i s  con ta ined  i n  
t h e  body of  t h e  s tudy .  The e n g i n e e r i n g  t a s k s  involved a r e  a s  f o l l o w s :  
M i r r o r  Research 
Exper imental  d a t a  w i l l  be ob ta ined  u s i n g  t h e  s c a t t e r p l a t e  a n d / o r  o t h e r  
a p p r o p r i a t e  i n t e r f e r o m e t e r s  on a n  e x i s t i n g  d i f f r a c t i o n - l i m i t e d  m i r r o r .  
S p e c i f i c a l l y ,  RMS and po in t -by-po in t  f i g u r e  d a t a  w i l l  be t aken  i n  t h e  
p resence  of thermal  g r a d i e n t s .  C o n t r o l l e d  thermal d i s t u r b a n c e s  w i l l  be 
programmed t o  produce: ( a )  axisymmetr ic  t empera tu re  p r o f i l e s ,  (b)  l a t e r a l  
t empera tu re  p r o f i l e s  and (c )  s imula ted  d i r e c t  s o l a r  r a d i a t i o n .  
A n a l y t i c a l  models of t h e  mi r ro r ,based  on t h e  a n a l y s i s  of t h e  thermo- 
e l a s t i c  de format ion  of t h e  m i r r o r  i n  t h e  p resence  of t h e  thermal  d i s -  
tu rbances  of i t e m  1 above, w i l l  be developed and e x p e r i m e n t a l l y  checked. 
Numerical and computer c o r r e l a t i o n  of t h e  exper imenta l  f i g u r e  d a t a  w i t h  
p r e d i c t i o n s  from t h e  a n a l y t i c a l  m i r r o r  model w i l l  be c a r r i e d  o u t .  
Emphasis w i l l  be on: ( a )  RMS f i g u r e  d e g r a d a t i o n ,  (b) f o c a l  p o i n t  changes 
and t h e  need f o r  r e f o c u s i n g  and (c) d e t e r m i n a t i o n  of a b e r r a t i o n s  a s s i g n a b l e  
t o  a s t i g m a t i s m  and coma. 
P o i n t i n g  Development, T r a n s f e r  Lens 
The t a s k  s h a l l  be t o  d e s i g n  t h e  t r a n s f e r  l e n s  mechanical  assembly t o  a c h i e v e  
a  spaceworthy d e s i g n  c a p a b l e  of s u r v i v i n g  launch,  and of long- term o p e r a t i o n  
i n  a  ha rd  vacuum. 
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Ground t e s t s  s h a l l  b e  performed w i t h  t h e  unit i n  a  p r e f e r r e d  o r i e n t a t i o n ,  
A complete  set of e l e c t r o n i c s  a s  r e q u i r e d  f o r  f u n c t i o n a l  o p e r a t i o n  s h a l l  a l s o  
b e  f a b r i c a t e d  and t e s t e d .  However, o n l y  t h o s e  p o r t i o n s  of t h e  e l e c t r o n i c s  which 
must be l o c a t e d  on t h e  mechanical  assembly s h a l l  be of s p a c e - q u a l i f i e d  d e s i ~ n ,  
two c a n d i d a t e s  i n  t h i s  r e g a r d  be ing  t h e  p o s i t i o n  s e n s o r  e x c i t a t i o n  s o u r c e  and 
high- input  impedance a m p l i f i e r s .  
The mechanical  assembly m o d i f i c a t i o n s  w i l l  f e a t u r e  r e q u i r e d  cag ing  mechanism(s),  
motors  des igned  f o r  minimal mass and s t r a y  dc f i e l d ,  t h e  s i m p l i f i e d  s u s p e n s i o n  
arrangement  f e a t u r i n g  BeCu f l e x u r e  s t r i p s ,  and t h e  e l i m i n a t i o n  of p o s i t i o n  
s e n s o r  f l e x  wi res .  The p r e s e n t  approach u s i n g  f l e x  l e a d  motor c o i l  c o n n e c t i o n s  
s h a l l  be  improved a l s o ,  It i s  in tended  t h a t  performance and c o n f i g u r a t i o n  
of t h e  mechanical  assembly s h a l l  be  a s  r e q u i r e d  f o r  t h e  LTEP equipment, so  
t h a t  t h e  d e l i v e r a b l e  i t e m  w i l l  be d i r e c t l y  u s a b l e  on t h a t  program. 
Moreover, q u a l i f i c a t i o n  t e s t i n g  s h a l l  i n v o l v e  t h e  launch environment r e q u i r e -  
ments f o r  S a t u r n  V s i n c e  t h i s  i s  a  r e p r e s e n t a t i v e  and most p robab le  
launch v e h i c l e .  
When a l l  of t h e s e  e n g i n e e r i n g  t a s k s  have been completed,  a  breadboard and 
p r o t o t y p e  o f  t h e  e s s e n t i a l  components of t h e  LTEP w i l l  e x i s t  l a t e  i n  1972. 
Based on t h e  t e c h n o l o g i c a l  knowledge developed th rough  t h i s  s u p p o r t i n g  r e s e a r c h  
and developmental  a c t i v i t y ,  t h e  f i n a l  d e s i g n  o f  t h e  LTEP t e l e s c o p e  can  commence. 
I n  approx imate ly  one y e a r  t h e  paper  d e s i g n  should be ready f o r  t h e  c r i t i c a l  
d e s i g n  reviews. Upon NASA approva l ,  f a b r i c a t i o n  of t h e  spaceworthy t e l e s c o p e  
c a n  commence. The developmental  t e s t i n g  i n  t h i s  phase  of t h e  program can 
be minimized because  o f  t h e  e a r l i e r  p r o t o t y p e  breadboard development i n  t h e  
l a b o r a t o r y .  . The f i n a l  f l i g h t  v e r s i o n s  w i l l  be q u a l i t y  t e s t e d  d u r i n g  t h e  
l a t e  e 1 7 3 -  e a r l y  - I 7 4  per iod .  I n t e g r a t i o n  of t h e  t e l e s c o p e  system w i t h  
t h e  s e n s o r s  and i n s t r u m e n t s  can  be accomplished l a t e  i n  1974. T o t a l  sys tems 
t e s t i n g  and i n t e g r a t i o n  w i t h  t h e  s p a c e c r a f t  w i l l  b e  accomplished i n  t h e  
b a l a n c e  of 1974 and 1975 f o r  a  launch i n  t h e  v e r y  l a s t  p a r t  of 1975. 
SENSOR AND INSTRUMENT DEVELOPMENT PROGRAM 
A s  i n d i c a t e d  i n  t h e  Technology Development Schedule  o f  F i g u r e  369, t h e  
s e l e c t i o n  o f  t h e  "behind- the-mirror"  i n s t r u m e n t s  i s  de layed  t o  a  p o i n t  
a s  l a t e  i n  t h e  program a s  i s  p o s s i b l e .  T h i s  i s  done f o r  two reasons .  One 
i s  t h a t  a s t r o p h y s i c s  i s  a v e r y  r a p i d l y  deve lop ing  s c i e n c e  and t h e  i n v e s t i g a -  
t i o n s  of prime i n t e r e s t  today  a r e  n e a r l y  c e r t a i n  t o  b e  a l t e r e d ,  superceded 
o r  downgraded a s  i n f o r m a t i o n  i s  ga ined  from t h e  OAO s e r i e s ,  from t h e  SAS s e r i e s ,  
and from Aerobee r o c k e t s .  The second r e a s o n  f o r  pos tpon ing  t h e  d e c i s i o n  
a s  t o  t h e  complement of s c i e n t i f i c  i n s t r u m e n t a t i o n  i s  t h a t  new i n s t r u m e n t a l  
t e c h n i q u e s  a r e  bound t o  be  developed i n  t h e  n e x t  few y e a r s ,  and a s t r o p h y s i c i s t s  
must become f a m i l i a r  w i t h  them s o  t h a t  t h e y  might  be most e x p e d i t i o u s l y  
e x p l o i t e d  i n  t h e  d e s i g n  of t h e  s c i e n t i f i c  payloads  f o r  t h e  LTEP. 
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The e a r l y  r e s u l t s  from OAO I1 i n d i c a t e  t h a t  t h e  young b l u e  s t a r s  a r e  t e n  t imes  
b r i g h t e r  i n  t h e  u l t r a v i o l e t  r e g i o n  t h a n  expec ted ,  and t h a t  t h e  Andromeda Galaxy 
c o n t a i n s  many more h o t  b l u e  s t a r s  than  was sugges ted  by e x t r a p o l a t i o n s  from 
t h e  v i s i b l e .  The q u e s t i o n  o f  whether t h e  n u c l e i  of g a l a x i e s  ( such  a s  t h e  S e y f e r t  
Ga lax ies )  c o n s i s t  o f  glowing c l o u d s  of gas ,  s i n g l e  mammoth s t a r - l i k e  o b j e c t s ,  
o r  sys tems of d e n s e l y  packed s t a r s  which c o l l i d e  and explode w i l l  r e q u i r e  
t h e  u l t i m a t e  i n  r e s o l v i n g  power, and t h e  OAO r e s u l t s  sugges t  t h a t  t h e  impor tan t  
i n f o r m a t i o n  may be  i n  t h e  u l t r a v i o l e t  p o r t i o n  of t h e  l i g h t  which comes t o  u s .  
Every advance i n  r e s o l v i n g  power w i l l  g i v e  us more i n f o r m a t i o n  on t h e s e  ques- 
t i o n s ,  a s  we s t r i v e  t o  e x p l o r e  and unders tand  t h e  s t r u c t u r e  of t h e  g a l a x i e s .  
It i s  c e r t a i n ,  t h e r e f o r e ,  t h a t  an u l t i m a t e  o b j e c i i v e  of a  l a r g e  space  t e l e s c o p e  
w i l l  be t o  a c h i e v e  t h e  d i f f r a c t i o n  l i m i t  a t  1000A. 
C o n s t r u c t i o n  of an  u l t r a v i o ' l e t - d i f f r a c t i o n - l i m i t e d  o p t i c a l  t e l e s c o p e  i s  we11 
beyond t h e  p r e s e n t  s t a t e  o f  t h e  o p t i c a l  Z a b r i c a t l o n  a r t .  Achievement o i  t h e  
" d i f f r a c t i o n  l i m i t "  (e.g. ,  - A150 rms o p t i c a l  f i g u r e  t o l e r a n c e )  a t  l O O O A  
i m p l i e s  f i g u r i n g  t h e  o p t i c s  t o  A1250 a t  v i s i b l e  wavelengths .  For  l a r g e  mono- 
l i t h i c  pr imary m i r r o r s ,  t h i s  i s  c l e a r l y  n o t  p o s s i b l e ,  and f o r  space  o p e r a t i o n ,  
a l l  of t h e  thermal ,  a l ignment ,  and f o c u s  t o l e r a n c e s  a r e  t i g h t e n e d  up by a  f a c t o r  
of 5. I n  t h e  waning days  of 1969, t h e r e  a r e  d e b a t e s  a s  t o  whether  i t  i s  r e a l l y  
n e c e s s a r y  t o  go t o  t h e  complexi ty  of a c t i v e  o p t i c s  f o r  t e l e s c o p e s  of 2- o r  3- 
meter  a p e r t u r e  f o r  d i f f r a c t i o n - l i m i t e d  t e l e s c o p e s  a t  v i s i b l e  wavelengths .  
Only t h e  proponents  of a c t i v e  s e r v o - c o n t r o l l e d  deformable  o p t i c a l  p r i m a r i e s  a r e  
w i l l i n g o t o  c o n t i n u e  t a l k i n g  when t h e  s u b j e c t  of a c h i e v i n g  t h e  d i f f r a c t i o n  l i m i t  
a t  l O O O A  i s  addressed .  
As f o r m i d i b l e  a s  t h e  problems a r e  i n  improving o u r  o p t i c a l  s k i l l s  by t h e  
n e c e s s a r y  f a c t o r  of 5, an  even  more d i f f i c u l t  problem i s  t h a t  of r educ ing  
t h e  s c a t t e r  of t h e  f a r  u l t r a v i o l e t  l i g h t  so  t h a t  d i f f r a c t i o n  a t  t h e  a p e r t u r e  i s  
t h e  phenomenon which d e f i n e s  t h e  performance of t h e  t e l e s c o p e .  A l l  o f o t h e  
by-now f a m i l i a r  c u r v e s  which show r e f l e c t i v i t i e s  of 20 p e r c e n t  a t  80OA - 900% 
imply t h a t  t h e  o t h e r  80 p e r c e n t  of t h e  l i g h t  f l u x  i s  d i s s i p a t e d  i n  some f a s h i o n  
o r  o t h e r ,  and sad e x p e r i e n c e  shows t h a t  much i s  s c a t t e r e d  r a t h e r  t h a n  be ing  
s imply absorbed.  Much can be achieved by l i m i t i n g  t h e  s p e c t r a l  range o f  
r e f l e c t a n c e  i n  m u l t i - l a y e r  t h i n  f i l m  c o a t i n g s  so  t h a t  bo th  r e f l e c t a n c e  and 
a b s o r p t i o n  a r e  improved w i t h  a  cor responding  r e d u c t i o n  i n  s c a t t e r i n g .  T h i s  
technology i s  j u s t  s t a r t i n g  i t s  r e s e a r c h  i n  t h e  vacuum u l t r a v i o l e t ,  and needs  
a d d i t i o n a l  suppor t  i n  o r d e r  t o  a c h i e v e  t h e  p a y o f f s  r e q u i r e d  f o r  a  l a r g e ,  
d i f  f r a c t i o n - l i m i t e d  u l t r a v i o l e t  space t e l e s c o p e .  
While i t  i s  n o t  t o  be expec ted  t h a t  t h e  NASO t e l e s c o p e  o f  t h e  '80s  w i l l  a c h i e v e  
d i f f r a c t i o n - l i m i t e d  performance i n  t h e  f a r  vacuum u l t r a v i o l e t ,  t h e  technology 
r e q u i r e d  f o r  t h e  u l t i m a t e  achievement of t h i s  g o a l  should  c o n t i n u e  t o  be n u r t u r e d .  
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I n  p l a n n i n g  t h e  r e s o u r c e s  n e c e s s a r y  f o r  t h e  t e l e s c o p e  exper iment  program, 
p resen t -day  e x p e r i e n c e  can  be  used a s  a  gu ide  and, of c o u r s e ,  t h e  r e p r e s e n t a -  
t i v e  s c i e n t i f i c  i n s t r u m e n t s  s t u d i e d  i n  t h e  body of t h i s  r e p o r t  form t h e  b a s i s  
f o r  t h i s  p lann ing ,  Although it i s  r e a l i z e d  t h a t  a s  t e c h n i q u e s  and a s t r o p h y s i c a l  
knowledge a c c e l e r a t e  i n  t h e i r  accumula t ion  and some of t h e  i n s t r u m e n t s  s t u d i e d  
w i l l  be  s e t  a s i d e ,  t h e y  form t h e  b a s i s  f o r  p lann ing  e x t r a p o l a t i o n s .  
The t a s k s  r e q u i r e d  t o  des ign ,  develop,  f a b r i c a t e  and t e s t  t h i s  i n s t r u m e n t  
a r e  a s  fo l lows :  
1. P r e l i m i n a r y  e n g i n e e r i n g  and o p t i c a l  d e s i g n  t o  perform r a y  t r a c e ,  
a b e r r a t i o n  s t u d y  and min imiza t ion ,  and c a l c u l a t e  f o c a l  p l a n e  
i n t e n s i t y  p r o f i l e s  
2 .  Rul ing  of g r a t i n g s ,  breadboard and t e s t  w i t h  TV i n  vacuum u l t r a v i o l e t  
3 .  Execu t ion  o f  f i n a l  d e s i g n ,  d e s i g n  r e n e w s ,  mockup ( i n c l u d i n g  image 
movers and f i n e  e r r o r  s e n s o r s ) ,  s t r u c t u r a l  d e s i g n ,  e n g i n e e r i n g  
model f a b r i c a t i o n  and development t e s t i n g  
4.  F a b r i c a t i o n  of s i x  u n i t s  f o r  p r o t o t y p e ,  thermal-+vacuum t e s t i n g ,  
v i b r a t i o n  t e s t i n g ,  q u a l i f i c a t i o n  t e s t i n g ,  an e n g i n e e r i n g  f u n c t i o n a l  
u n i t ,  and a  f l i g h t  u n i t ,  
5. P r e p a r a t i o n  and e x e c u t i o n  of t e s t  program t o  v e r i f y  performance 
i n  vacuum u l . t r a v i o l e t  and w i t h  main t e l e s c o p e ,  and q u a l i f i c a t i o n  
of equipment f o r  i t s  space  usage.  Where a s t r o n a u t  p a r t i c i p a t i o n  
i s  planned, t h e  t r a i n i n g  would be accomplished i n  t h i s  phase 
When combined w i t h  t h e  Product  Assurance,  Conf igura t ion  Management, Program 
Management and o t h e r  necessa ry  s u p p o r t i n g  f u n c t i o n s ,  t h e  e s t i m a t e d  c o s t s  f o r  
t h i s  program would be approximately  $4 m i l l i o n  i f  execu ted  over  a  two-year 
p e r i o d .  These c o s t s  a r e  e x c l u s i v e  of m i s s i o n  s u p p o r t ,  P r i n c i p l e  I n v e s t i g a t o r  
expenses ,  and Ground Support  Equipment. 
These packages a r e  of approx imate ly  equa l  complexi ty ,  w i t h  t h e  c o s t s  f o r  t h e  
mechanisms needed t o  h a n d l e  t h e  f i l m  be ing  abou t  e q u a l  t o  t h e  c o s t s  of t h e  
e x t r a  o p t i c s  needed t o  form t h e  £150 images and t h e  image movers (no t  needed 
i n  t h e  £110 imagery package) .  The same sequence of t a s k s  would be n e c e s s a r y  
t o  accomplish  t h e  f a b r i c a t i o n  and q u a l i f i c a t i o n  t e s t i n g  of t h e s e  i n s t r u m e n t s .  
Because t h e r e  a r e  more mechanisms which must be des igned  t o  work i n  t h e  c o l d ,  
hard-vacuum environment,  more funds  shou ld  be a l l o c a t e d  t o  t h e  developmental  
t e s t i n g  phase  of t h e  p r o j e c t .  There fore ,  t h e  p r o j e c t e d  c o s t  f o r  Modules 
C and F i s  $4.5 m i l l i o n  each.  
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T h i s  module s h a r e s  many f e a t u r e s  i n  common w i t h  t h e  o t h e r  modu le s ,  s u c h  a s  
t h e  image movers  a n d  f i n e  e r r o r  s e n s o r s .  Fo r  t h e  p u r p o s e s  oL e s t i m a t i n g ,  
i t  i s  assumed t h a t  i n t e r c h a n g e a b l e  d e s i g n s  have  been  d e v e l o p e d  and t h a t  
t h e s e  c o s t s  h a v e  a l r e a d y  a p p e a r e d  i n  a  p r e v i o u s  module .  The p r i n c i p l e  new 
i t e m  i n  Module D i s  t h e  a l l - r e f l e c t i v e  m i c r o s c o p e .  Whi le  t h e  module c o n t a i n s  
much complex equ ipmen t ,  t h e r e  a r e  few mechanisms r e q u i r i n g  u n i q u e  deve lopmen t .  
Again ,  t h e  t a s k  s equence  w i l l  be  t h e  same a s  i n  t h e  p r e v i o u s  group,  and  t h e  
c o s t s  w i l l  b e  a p p r o x i m a t e l y  e q u a l  t o  t h a t  of  Module A ,  u n d e r  t h e  a s s u m p t i o n s  
of  a n  a l r e a d y  d e v e l o p e d  p o i n t i n g  e r r o r  s e n s o r  and  image mover a s sembly .  
T h e r e f o r e ,  t h e  e s t i m a t e d  c o s t  o f  Module D i s  $4 m i l l i o n .  T h i s  would be  
s u b s t a n t i a l l y  i n c r e a s e d  i f  t h e  module were d e s i g n e d  and  d e v e l o p e d  a s  a  s e p a r a t e  
e n t i t y ,  w i t h o u t  t h e  b e n e f i t  o f  t h e  somewhat s t a n d a r d i z e d  e r r o r  s e n s o r  a n d  image 
mover d e s i g n s  men t ioned  above .  
Advantage  can  be  t a k e n  o f  t h e  e x p e r i e n c e  g a i n e d  i n  t h e  OAO-C program which  
c o n t a i n e d  s u c h  a  s p e c t r o m e t e r .  A s  such ,  t h e  d e s i g n  e f f o r t  f o r  t h e  LTEP 
would c o n s i s t  m a i n l y  of r e p a c k a g i n g  t o  f i t  w i t h i n  t h e  equipment  b a y s  o f  t h e  
t e l e s c o p e  a n d  q u a l i f i c a t i o n  t e s t i n g  o f  t h e  new package .  T h i s  e f f o r t  would 
b e  s u b s t a n t i a l l y  l e s s  t h a n  i n  t h e  development  of new i n s t r u m e n t a t i o n ,  a n d  
i s  e s t i m a t e d  t o  r e q u i r e  $3 m i l l i o n .  , 
E x c l u s i v e  of  S u p p o r t i n g  R e s e a r c h  and  Technology c o s t s  and  t h e  c o s t s  of  m i s s i o n  
s u p p o r t ,  P r i n c i p l e  I n v e s t i g a t o r  expenses ,  and  ground s u p p o r t  equipment ,  t h e  
c o s t s  f o r  t h e  i n s t r u m e n t a t i o n  development  a r e  summarized a s  f o l l o w s :  
Module A M o d i f i e d  E c h e l l e  S p e c t r o g r a p h  $4 m i l l i o n  
Module C F/ 10  F i l m  Imagery  4 .5  m i l l i o n  
Module D P r i n c e t o n  Exper iment  Package  4 m i l l i o n  
Module E  Rowland C i r c l e  S p e c t r o m e t e r  3 m i l l i o n  
Module F  E l e c t r o n i c  Imagery 4 .5  m i l l i o n  
The t i m e  p h a s i n g  of  t h e s e  e x p e n d i t u r e s  i s  shown i n  F i g u r e  373. 
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F i g u r e  373. Funding  R e q u i r e m e n t s  f o r  Expe r imen t  Modules 
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TABLE 52 .  FLIGHT PLAN RESOURCES (1970) 
Phase A 
Phase A / B  
T r a n s i t i o n a l  
Phase B Required 
I n  Process  
Phase C 
Phase D Telescope 
L i f e  C e l l  
I n v e s t e d  
I n  Process  
Sky Lab-LTEP 
$1 M i l l i o n  
$ .27 M i l l i o n  
1 . 3  M i l l i o n  
1 M i l l i o n  
13 M i l l i o n  
70 M i l l i o n  
AAP 
Excludes 
NASA Costs  Range Costs 
I n t e g r a t o r  Costs S  RT 
T i t a n  I I I C  
Unmanned LTEP 
& Rendezvous 
LTE P 
Same 
Same 
S a t u r n  I B  
LTEP 
(With Motel )  
Same 
S ame 
$ 70 
$ 130 M i l l i o n  
Launch Vehic le  Costs  Environmental  F a c i l i t i e s  a t  MSFC+KSC 
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FACILITY PLANNING 
The f a c i l i t y  p lann ing  i d e n t i f i e s  t h e  s i g n i f i c a n t  LTEP-unique f a c i l i t i e s  assumed 
t o  be beyond i n d u s t r y ' s  fund ing  i n t e r e s t s  and added t o  t h e  government ' s  f a c i l i t y  
i n v e n t o r y .  F a c i l i t i e s  n o t  s p e c i f i c a l l y  i d e n t i f i e d  a r e  c o n s i d e r e d  t o  be  i n d u s t r y -  
provided and a r e  n o t  cons ide red  t o  be of  major  p r o p o r t i o n .  No s i g n i f i c a n t  f a c i l -  
i t i e s  a r e  r e q u i r e d  f o r  t h e  concep t  development phase  s i n c e  t h e  f a c i l i t y  r e q u i r e -  
ments w i l l  be  met by i n d u s t r y  c a p a b i l i t y .  The f a c i l i t i e s  i d e n t i f i e d  i n  t h i s  
s e c t i o n  a r e  t h o s e  r e q u i r e d  t o  deve lop  t h e  LTEP equipment i n  t h e  p r o j e c t  develop-  
ment phase  and ,  i n  t u r n ,  used t o  conduct  t h e  p r o j e c t  o p e r a t i o n  phase .  
The s i g n i f i c a n t  program f a c i l i t i e s  i d e n t i f i e d  f o r  t h i s  program a r e :  
e System Development Complex (New) 
@ O p t i c a l  Development Complex (New) 
e A t t i t u d e  C o n t r o l  and Rendezvous Development Complex (New) 
e S c i e n t i f i c  Ins t rument  I n t e g r a t i o n  Complex (New) 
S t r u c t u r a l  Development F a c i l i t i e s  ( E x i s t i n g )  
T r a i n i n g  F a c i l i t i e s  (New) 
@ Miss ion  C o n t r o l  Complex (Some A d d i t i o n )  
e KSC F a c i l i t i e s  ( E x i s t i n g )  
Geograph ica l  and common f u n c t i o n a l  subsystem e n t i t i e s  were c o n s i d e r e d  i n  
assembl ing t h e  above f a c i l i t i e s .  The sys tem development complex was c o n s i d e r e d  
t o  be l o c a t i o n  s e n s i t i v e  due t o  t h e  c o n s t r a i n t s  of s u r f a c e  t r a n s p o r t a t i o n  t o  KSC 
of t h e  complete  t e l e s c o p e .  Also ,  t h e  o p t i c a l  development complex should  b e  
l o c a t e d  t o  a l l o w  proper  t r a n s p o r t a t i o n  of t h e  pr imary m i r r o r  t o  t h e  sys tem d e v e l -  
opment complex, commensurate w i t h  i t s  s i z e  and d e l i c a t e  n a t u r e .  
Of t h e  f i v e  new complexes,  t h e  sys tem development complex i s  c o n s i d e r e d  t h e  
l a r g e s t  r equ i rement  a n d ,  c o r r e s p o n d i n g l y ,  t h e  most expens ive .  T h i s  r equ i rement  
s tems from t h e  t r a d i t i o n a l  c o n s e r v a t i v e  requ i rement  of  p rov ing  f u l l  sys tem 
o p e r a t i o n  on t h e  ground under s i m u l a t e d  s p a c e  o p e r a t i n g  c o n d i t i o n s  p r i o r  t o  
a c t u a l  f l i g h t .  To p r o v i d e  a  t e s t  complex t h a t  w i l l  s i m u l t a n e o u s l y  p r o v i d e  t h e r -  
mal space  environment ,  s e i s m i c  i s o l a t i o n ,  vacuum s p a c e  environment ,  v e r y  
a c c u r a t e  s t e l l a r  s i m u l a t i o n  t o  demons t ra te  t h e  o p t i c s  t o  t h e i r  d e s i g n  l i m i t ,  
and a  g imbal  t e s t  sys tem t o  a l l o w  t h e  LTEP f i n e  gu idance  sys tem t o  be demon- 
s t r a t e d  t o  t h e  d e s i g n  l i m i t  of k0.01 arc-second accuracy  w i l l  e n t a i l  a  v e r y  
l a r g e  r e s o u r c e  e x p e n d i t u r e .  
System Development Complex 
The complex shown i n  F i g u r e  374 i s  used t o  assemble ,  check ,  and test t h e  LTEP 
a t  t h e  sys tem l e v e l .  Primary f a c i l i t y  a r e a s  a r e :  
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e Rece iv ing  and Shipping 
e Assembly and Disassembly 
@ Genera l  T e s t  
e E l e c t r o m a g n e t i c  Sc reen  Room 
e V i b r a t i o n  T e s t  
@ A c o u s t i c a l  T e s t  
@ Coarse  and I n t e r m e d i a t e  Guidance T e s t  
System T e s t  
The c o a r s e  and i n t e r m e d i a t e  guidance t e s t  a r e a  i n v o l v e s  a  mechanical  g imbal  
sys tem t o  suppor t  t h e  LTEP; i t  i s  c a p a b l e  of a l l o w i n g  t h e  o p e r a t i o n  of r e a c t i o n  
c o n t r o l  j e t s  and c o n t a i n s  a  l a r g e  t r a v e l  s t e l l a r  s i m u l a t o r .  
The sys tem t e s t  a r e a  i n v o l v e s  a  vacuum chamber i n  which t h e  LTEP w i l l  be 
suspended on a  h i g h l y  s e n s i t i v e  g imbal  t e s t  system suppor ted  by a  s e i s m i c  b a s e .  
Within  t h e  chamber, l o o k i n g  down a t  t h e  t e l e s c o p e ,  w i l l  be  a  t e s t  t e l e s c o p e  
(of t h e  same s i z e  b u t  g r e a t e r  accuracy  t h a n  t h e  LTEP) f o r  s t e l l a r  s i m u l a t i o n .  
The chamber w i l l  be  c r y o g e n i c a l l y  coo led  t o  s i m u l a t e  space  and w i l l  have a  
s o l a r  s i m u l a t o r  t o  s i m u l a t e  t h e  s u n ' s  r a d i a t i o n  on t h e  s i d e  of t h e  t e l e s c o p e .  
For optimum program e f f i c i e n c y ,  t h i s  f a c i l i t y  shou ld  be one i n t e g r a t e d  b u i l d i n g  
complex. For t h i s  s t u d y ,  i t  i s  assumed t o  be l o c a t e d  i n  t h e  Michoud a r e a  i n  
L o u i s i a n a .  T h i s  assumpt ion was made f o r  two r e a s o n s :  f i r s t ,  t h e  pr imary 
m i r r o r  can be sh ipped  by waterway t o  t h i s  l o c a t i o n  from t h e  major i n d u s t r i a l  
a r e a s  of t h e  c o u n t r y .  Water shipment i s  p r e f e r r e d  because  of t h e  m i r r o r  s i z e ,  
and i t  would keep t h e  dynamic t r a n s p o r t a t i o n  l o a d s  minimized.  The second 
r e a s o n  f o r  t h e  s i t e  s e l e c t i o n  was t o  avo id  a  d u p l i c a t i o n  of t h i s  f a c i l i t y  a t  KSC. 
The ph i losophy  used i n  t h e  development p l a n n i n g  was t h a t  a f t e r  t h e  f a c t o r y  
completed t h e  LTEP, i t  would be  shipped t o  KSC a s  i n t a c t  a s  p r a c t i c a b l e  and i n  
a  manner t h a t  would n o t  m a t e r i a l l y  r educe  t h e  c o n f i d e n c e  e s t a b l i s h e d  i n  t h e  f a c -  
t o r y .  The t e l e s c o p e  must be  shipped i n  a  manner t h a t  keeps  t h e  dynamic t r a n s -  
p o r t a t i o n  l o a d s  t o  a  mininxm and m a i n t a i n s  a  c o n t r o l l e d  a tmosphere  environment .  
T h e r e f o r e ,  water  t r a n s p o r t a t i o n ,  us ing  t h e  S a t u r n  I C  ba rge  o r  a n  e q u i v a l e n t ,  was 
s e l e c t e d  t o  s h i p  t h e  LTEP by w a t e r  from Michoud t o  KSC. 
O p t i c a l  Development Complex 
T h i s  o p t i c a l  subsystem complex,  which i s  shown i n  F i g u r e  375, i s  used i n  con- 
v e r t i n g  t h e  LTEP m i r r o r  b l a n k s  i n t o  f i n i s h e d  m i r r o r s  and t h e n  t o  i n t e g r a t e  t h e s e  
m i r r o r s  w i t h  t h e  secondary-mirror  a l ignment  assembly,  t h e  f o l d i n g - m i r r o r  
a s s e m b l i e s ,  and t h e  s e c o n d a r y - m i r r o r  i n t e r c h a n g e  assembly.  The p r i n i c p a l  
f a c i l i t y  a r e a s  a r e :  
SECONDARY MIRROR 
ALIGNMENT ASSY 
SECONDARY MIRROR 
INTERCHANGE ASSY 
VIBRATI O N  TEST 
MIRROR MEASUREMENT VAPOR DEPOSITION 
AREA AREA 
TEST AREA 
Figure 375. Optical Development Complex 
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s Blank rough machining 
Blank n i c k e l  p l a t i n g  ( r e q u i r e d  on ly  f o r  b e r y l l i u m  b l a n k )  
Blank medium p o l i s h i n g  a r e a  
r Blank f i n e  p o l i s h i n g  a r e a  
@ Blank o p t i c a l  measurement ( i n c l u d i n g  a  vacuum chamber w i t h  
low-temperature c a p a b i l i t y )  
e Vapor d e p o s i t i o n  a roa  
e O p t i c a l  subsystem t e s t  
s V i b r a t i o n  t e s t  
@ Rece iv ing  and shipment 
The o p t i c a l  subsystem t e s t  a r e a  i n c l u d e s  a s e i s m i c  s u p p o r t  of a  l a r g e ,  l o n g  
t u b u l a r  low-vacuum chamber hav ing  low-temperature  c o n t r o l .  The LTEP o p t i c s  
components would be mounted i n  a  v e r t i c a l  LTEP t e s t  f i x t u r e  and d i r e c t l y  
overhead would be  a  test  t e l e s c o p e  l o o k i n g  a t  t h e  LTEP o p t i c s  s o  a s  t o  r e -  
p r e s e n t  a  s t e l l a r  i n p u t .  The t e s t  t e l e s c o p e  would have p r imary  and secondary  
m i r r o r s  of a b o u t  t h e  same s i z e  a s  t h o s e  i n  t h e  LTEP, b u t  f i n i s h e d  t o  a  g r e a t e r  
a c c u r a c y .  
S i n c e  t h e  LTEP o p t i c s  subsystem h a s  such  v e r y  h i g h  accuracy  r e q u i r e m e n t s ,  a n  
i n t e g r a t e d  s i n g l e - b u i l d i n g  complex w i t h  t h e  above p r i n c i p a l  a r e a s  is c o n s i d e r e d  
n e c e s s a r y .  Design of t h e  cornplex shou ld  i n c l u d e  t h e  n e c e s s a r y  f a b r i c a t i o n  and 
q u a l i t y  c o n t r o l  f e a t u r e s  t o  e n s u r e  p roduc t  a c c u r a c y .  The l o c a t i o n  of t h e  
f a c i l i t i e s  h a s  n o t  been i d e n t i f i e d  i n  t h e  s t u d y  o t h e r  than  be ing  n e a r  w a t e r  
t r a n s p o r t a t i o n  r o u t e s  l e a d i n g  t o  t h e  LTEP sys tem development complex. 
A t t i t u d e  C o n t r o l  and Rendezvous Development Complex 
T h i s  f a c i l i t y ,  a s  shown i n  F i g u r e  376, i s  used t o  deve lop  t h e  a t t i t u d e  c o n t r o l  
and rendezvous  subsystem excep t  f o r  t h e  p r o p u l s i o n  assembly.  The p r i n c i p a l  
a r e a s  of t h i s  complex a r e  t h e  c o a r s e  and medium guidance t e s t  a r e a  and t h e  
f i n e  gu idance  t e s t  a r e a .  
The c o a r s e  and medium guidance t e s t  a r e a  c o n t a i n s  a n  LTEP t e s t  f i x t u r e  on 
which a r e  mounted t h e  c o a r s e  and medium guidance equipment and t h e  rendezvous  
e l e c t r i c a l  and e l e c t r o n i c  equipment.  Th i s  s i m u l a t e d  LTEP i s  mounted i n  a  
v e r t i c a l  p o s i t i o n  on a  mechanical  g imbal  sys tem t h a t  a l l o w s  a  l a r g e  a n g u l a r  
movement. A s i m u l a t e d  s t e l l a r  s o u r c e  i s  mounted above t h e  s i m u l a t e d  t e l e s c o p e  
T h i s  s t e l l a r  s o u r c e  can  be  moved o v e r  a  s p h e r i c a l  segment a r e a  t o  demons t ra te  
gu idance  t r a c k i n g  a b i l i t y .  The r e a c t i o n  j e t s  a r e  o p e r a t e d  t o  produce t y p i c a l  
LTEP o p e r a t i o n s .  
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'l'he f i n e  g u i d a n c e  t e s t  a r e a  a l s o  h a s  a n  I,TEP t e s t  f i x t u r e  on whic.11 i s  mounted 
t h e  f i n e  g u i d a n c e  svs t em.  A movable s t e l l a r  s o u r r e  i s  mounted above  t h e  L'TKP 
s i ~ : l u l a t o r  and f e e d s  d i r e c t l y  i n t o  t h e  f i n e  gnidanc*t> s e n s o r  s y s t e m .  The s i n ~ u -  
l a t o r  i s  mounted on  a  t e s t  gimbal  s u s p e n s i o n  sys tcnl  t h a t  p r o v i d e s  a s m a l l  t r a v e l  
a n 3  i s  l o c a t e d  i n  a  t e s t  chamber. T h i s  s u s p e n s i o n  sys t em i s ,  i n  t u r n ,  mounted 
on a  s e i s m i c  s u p p o r t  b a s e .  The t e s t  chamber s h o u l d  be  c a p a b l e  of  p r o v i d i n g  a 
low vacuum and e x p e c t e d  o r b i t a l  t h e r m a l  c o n d i t i o n s .  T h i s  complex n;ay h e  
l o c a t e d  anywhere i n  t h e  Un i t ed  S t a t e s  on t h e  a s sumpt ion  t h a t  t h e  LTEI sub- 
s y s t e m  equipment i s  r e a d i l y  t r a n s p o r t e d  w i t h  p r o p e r  packag ing .  
S c i e n t i f i c  -- I n s t r u m e n t  I n t e g r a t i o n  - -~ Complex 
T h i s  f a c i l i t y ,  shown i n  F i g u r e  377, i s  r e q u i r e d  t o  e n s u r e  t h a t  t h e  i n s t r u m e n t s  
a r e  deve loped  t o  a common i n t e g r a t e d  o p e r a t i o n a l  c o n c e p t .  The subsys t em t e s t  
a r e a  c o n t a i n s  a  s i m u l a t e d  LTEP c a b i n  and a  t e l e s c o p e  image s i m u l a t o r  mounted 
i n  a  tes t  chamber.  The i n s t r u m e n t s  a r e  mounted on t h e  p l a t e n  i n  t h e  c a b i n .  
The chamber is  mounted on a  s e i s m i c  b a s e  and c a p a b l e  of p r o v i d i n g  vacuum and 
low- . tempera ture  c o n d i t i o n s .  A l so  i n c l u d e d  i n  t h e  f a c i l i t y  a r e  s e p a r a t e  a r e a s  
f o r  v i b r a t i o n  t e s t ,  r e c e i v i n g  and s h i p m e n t ,  g e n e r a l  t e s t ,  and p r o c e s s i n g  o f  
t h e  s c i e n t i f i c  i n s t r u m e n t  d a t a .  
S t r u c t u r a l  Development F a c i l i t i e s  
These  f a c i l i t i e s  w i l l  be  needed e a r l y  i n  t h e  p r o j e c t  development p h a s e  and b e f o r e  
t h e  sys t em development  complex f a c i l i t i e s  w i l l  be a v a i l a b l e .  E x i s t i n g  f a c i l i t i e s  
a t  MSC c o u l d  be u s e d ,  as c o u l d  o t h e r  e x i s t i n g  a e r o s p a c e  i n d u s t r y  f a c i l i t i e s ,  f o r  
s t r u c t u r a l  development .  The s i g n i f i c a n t  r e q u i r e m e n t s  a r e  f o r  a dynamic t e s t  
f a c i l i t y  c a p a b l e  of  t e s t i n g  t h e  f u l l - s c a l e  LTEP s t r u c t u r e s ,  and a  vacuum chamber 
c a p a b l e  of  s i m u l a t i n g  t h e r m a l  and s o l a r  env i ronmen t  f o r  t h e  t e s t i n g  of  t h e  
f u l l s c a l e  LTEP t h e r m a l  model .  No a d d i t i o n a l  f a c i l i t i e s  f o r  t h e s e  f u n c t i o n s  a r e  
c o n s i d e r e d  r e q u i r e d .  
T r a i n i n g  F a c i l i t i e s  
The f a c i l i t i e s  shown i n  F i g u r e  378 a r e  p r i n c i p a l l y  t h e  b r i c k  and m o r t a r  f o r  t h e  
p a r t  t a s k  t r a i n i n g  complex and t h e  m i s s i o n  s i m u l a t o r  t r a i n i n g  complex.  The 
t r a i n i n g  equipment  w i l l  have  been  deve loped  and produced a s  a  p a r t  of t h e  p r o -  
j e c t  program and t h e n  a s sembled  and checked f o r  t r a i n i n g  u s e  i n  t h e s e  b u i l d i n g s .  
M i s s i o n  C o n t r o l  Complex 
Some f a c i l i t y  a d d i t i o n s  a r e  v i s u a l i z e d  f o r  t h i s  complex.  An e x p e r i m e n t  c o n t r o l  
and d a t a  f a c i l i t y  w i l l  b e  t i e d  t o  t h e  m i s s i o n  c o n t r o l  c e n t e r  by communica t ions .  
A r a t h e r  e x t e n s i v e  d a t a  c e n t e r  i s  v i s u a l i z e d ,  c o n s i d e r i n g  t h e  t y p e  o f  m i s s i o n  
and t h e  d u r a t i o n  of  5 y e a r s  o r  more. The c o m p l e x i t y  of  t h e  e x p e r i m e n t  c o n t r o l  
c e n t e r  w i l l  depend on whe the r  o r  n o t  t h e  t e l e s c o p e  i s  r e m o t e l y  c o n t r o l l e d  f r o m  
t h e  g round .  I n  t h e  p r e l i m i n a r y  sys t em c o n c e p t  used  i n  t h i s  s t u d y ,  t h e  t e l e s c o p e  
i s  n o t  c o n t r o l l e d  from t h e  ground.  T h e r e f o r e ,  t h i s  c o n t r o l  c e n t e r  w i l l  p e r f o r m  a  
manned a d v i s o r y  o p e r a t i o n  f o r  m i s s i o n  c o n t r o l .  Some minor equipment m o d i f i -  
c a t i o n  may b e  r e q u i r e d  i n  t h e  e x i s t i n g  m i s s i o n  c o n t r o l  and e n g i n e e r i n g  d a t a  c e n t e r .  
Figure 377. Scientific Instrument Integration Complex 
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KSC F a c i l i t i e s  
The A p o l l o  and S a t u r n  V f a c i l i t i e s  a t  KSC were  reviewed as t o  t h e i r  c a p a b i l i t y  t o  
h a n d l e  t h e  LTEP. From t h i s  r e v i e w  i t  was d e t e r m i n e d  t h a t  t h e s e  e x i s t i n g  f a c i l i t y  
complexes  would a d e q u a t e l y  h a n d l e  t h e  LTEP, p a r t i c u l a r l y  i n  r e g a r d  t o  l e n g t h  and 
we igh t  a s  i l l u s t r a t e d  below: 
He igh t  
( f e e t )  
LTEP (Launch Mode w i t h  Shroud) 6 2 
Weight 
( t o n s )  
Hook H e i g h t  H o i s t  C a p a b i l i t y  
( f e e t )  ( t o n s )  
E x i s t i n g  F a c i l i t i e s  C h a r a c t e r i s t i c s  
e Manned Space O p e r a t i o n  Bldg.  
(MSOB) 8 5 
e V e r t i c a l  Assembly Bldg.  (VAB) 140* 
Mobi le  Launcher  loo* 
*Hook h e i g h t  above  S a t u r n  V 
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IMAGE TUBES FOR LTEF SPACE ASTRONOMY 
The LTGP t e l e s c o p e  c o n f i g u r a t i o n  c o n t a i n s  a  package des igned  f o r  e l e c t r o n i c  
imaging a t  an  £150 f o c a l  p l a n e  and t h u s  r e q u i r e s  a t u b e  whose r e s o l u t i o n  i s  
b e t t e r  o r  a t  l e a s t  e q u a l  t o  t h e  d i f f r a c t i o n - l i m i t i n g  r e s o l u t i o n  of  t h e  t e l e -  
scope,  S i n c e  one can e x p r e s s  t h e  l i m i t i n g  r e s o l u t i o n  a s  --hF where F  i s  t h e  
f i n a l  f-number o f  t h e  system, a t  5000A t h e  t u b e  r e q u i r e s  a  r e s o l u t i o n  of  40 
l i n e s  pe r  m i l l i m e t e r ,  A t  t h e  Symposium f o r  P h o t o e l e c t r i c  Imaging Devices  
held i n  London i n  September of  1965 i t  was r e p o r t e d  t h a t  improvements i n  
phosphor d e p o s i t i o n  e n a b l e  image r e s o l u t i o n s  o f  100 l i n e s  pe r  mm t o  be  
o b t a i n e d  a t  t h e  phosphor w i t h  s l i g h t  d e g r a d a t i o n  b e i n g  i n t r o d u c e d  i n  t h e  
m u l t i p l i c a t i o n  t y p e s  o f  image t u b e .  A t  t h e  p r e s e n t  t ime ,  f o u r  y e a r s  l a t e r ,  
t h e  r e s o l u t i o n  o f  commercial ly a v a i l a b l e  image t u b e s  of  v a r i o u s  t y p e s  can  
o n l y  approach t h i s  p r e d i c t e d  r e s o l u t i o n  by a  f a c t o r  of  one t h i r d  a s  shown f o r  
comparison i n  Tab le  A - 1  The r e s o l u t i o n  of t h e  t u b e  r e q u i r e d  t o  match t h a t  of 
t h e  t e l e s c o p e  i s  shown i n  t h e  second column bu t  t h e s e  f-numbers a p p l y  o n l y  t o  
imaging and n o t  t o  s p e c t r o s c o p i c  measurement of  s p e c t r a l  l i n e  p o s i t i o n s , w h i c h  
r e q u i r e s  r e s o l u t i o n s  on t h e  o r d e r  of 10 t imes  h i g h e r  t h a n  t h o s e  f o r  imaging.  
R e s o l u t i o n  i s  no t  t h e  o n l y  d e c i d i n g  f a c t o r  i n  t h e  c h o i c e  of  a n  image t u b e  s i n c e  
s e n s i t i v i t y ,  i n t e g r a t i o n  and s t o r a g e  c a p a b i l i t y  a r e  of  paramount importance  
when a t t e m p t i n g  t o  d e t e c t  v e r y  f a i n t  o b j e c t s .  
Convent ional  v i d i c o n  t u b e s  a r e  n o t  s u i t a b l e  f o r  a s t r o n o m i c a l  o b s e r v a t i o n s  from 
space  s i n c e  t h e y  a r e  r e 1 a t i v e l . y  i n s e n s i t i v e ,  h a v i n g  no i n t e r n a l  g a i n  mechanism. 
They a l s o  cannot b e  used  t o  i n t e g r a t e  and s t o r e  i n f o r m a t i o n  and,Eor t h i s  
reason, w i l l  n o t  be  c o n s i d e r e d  i n  d e t a i l  f o r  t h e  LTEP. The remaining t y p e s  of t u b e  
shown i n  Tab le  A-1  a l l  have s t o r a g e  c a p a b i l i t y  and have been used f o r  g round-  
based  astronomy exper iments ,and one of  them, t h e  SEC v i d i c o n ,  h a s  been 
* 
s p a c e  q u a l i f i e d  on t h e  OAO and Apollo programs. No s i n g l e  t u b e  combines 
t h e  b e s t  a v a i l a b l e  r e s o l u t i o n  and s e n s i t i v i t y  w i t h  t h e  a b i l i t y  t o  i n t e g r a t e  
and s t o r e  i n f o r m a t i o n  over  long  p e r i o d s  of t ime,  b u t , p r e s e n t l y ,  t h e  most s u i t -  
a b l e  t u b e  f o r  t h e  LTEP i s  t h e  Secondary Emission Conduction v i d i c o n  t u b e  i n  
combinat ion w i t h  a n  i n t e n s i f i e r  f r o n t  end. The l i m i t a t i o n s  of image o r t h i c o n s  
and r e t u r n  beam v i d i c o n s  w i l l  be  c o n s i d e r e d  nex t  b e f o r e  g i v i n g  a  d e t a i l e d  
accoun t  of  t h e  s e l e c t e d  SEC v i d i c o n  t u b e .  
RETURN BEAM V I D I C O N  TUBES 
T h i s  type  o f  image t u b e  h a s  a  h igh  l i m i t i n g  r e s o l u t i o n  of  50/mm b u t  h a s  a 
nominal  s t o r a g e  t i m e  of 10 seconds .  I f  longer  t imes  a r e  r e q u i r e d ,  a  s p e c i a l  
t a r g e t  of p o l y s t y r e n e  o r  q u a r t z  has  t o  b e  e v a p o r a t e d  o n t o  t h e  back of t h e  
photoconductor  t o  p r o v i d e  a h igh  r e s i s t a n c e  s u r f a c e .  Tubes o f  t h i s  type  
have been s p e c i a l l y  developed by RCA b u t  a r e  n o t  a v a i l a b l e  commercial ly.  
* 
Watts ,  Raymond N. : Some E a r l y  R e s u l t s  from Celescope.  Sky and Telescope.  
May 1968, pi  280. 
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Vid icon  (RCA 8521) 
Vid icon  (RCA 8480) 
V i d i c o n  (4503A) 
SEC Vid icon  WL-30691 
Image Or th icon  
R.B. Vidicon C74137 
I n t e n s i f i e r  SEC 
RCA C21117B S i l i c o n  
Diode s e c  
TABLE A - 1  
IMAGE TUBE COM,PARLSON DATA 
I n t e g r a t e  
F i n a l  S e n s i t i v i t y  Dark S t o r a g e  and 
L t e s o l u t i o n  £/no ( p / f - c )  Cur ren t  Time S t o r a g e  
30 l /mm f / 5 5  2.0 0.02pA none none 
28 l / m m  f / 6 0  0 .05  0.02pA none none 
22 l /mm f / 1 0 . 0  10.0  O.01pA none none 
20 l / m m  £ / I00  50.0 none 72 h r s  15 h r s  
2 0 l f m m  £ / I 0 0  200.0 none 40 min 40 min 
50 l / m m  f / 3 3  0 . 2 1  0.02pA 15 min 15 min 
20 l / m m  f /  100 12,500 none 72 h r s  15 h r s  
12 l / m m  8/160 2,500 - - 100 s e c  100 s e c  
The r e t u r n  beam mode i s  p r i m a r i l y  used when e x t e r n a l  n o i s e  s o u r c e s  from load  
r e s i s t o r s  o r  p r e a m p l i f i e r s  become dominant, s i n c e  t h e  r e t u r n  beam from t h e  
t a r g e t  i s  a m p l i f i e d  by a  f a c t o r  o f  200 by a  f i v e - s t a g e  dynode c h a i n  w i t h i n  t h e  
t u b e .  A d i s a d v a n t a g e  o f  t h i s  t y p e  of t u b e  i s  t h a t  a t  low l i g h t  l e v e l s  t h e  
amount of modula t ion  o f  t h e  r e t u r n  beam can be  reduced by a s  much a s  20 t i m e s  
because  of  t h e  low t a r g e t  v o l t a g e ,  whereas t-he s h o t  n o i s e  i n  t h e  s c a n n i n g  beam 
remains c o n s t a n t .  
IMAGE ORTHICON TUBES 
Unlilce t h e  r e t u r n  beam v i d i c o n ,  image o r t h i c o n  t p b e s  have been s u c c e s s f u l l y  
used f o r  ground-based a s t r o n o m i c a l  o b s e r v a t i o n s . "  Luedicke o b t a i n e d  i n t e g r a t i o n  
t i m e s  of  40 minu tes  b u t  had t o  u s e  a modi f i ed  o p e r a t i o n a l  c y c l e  because  o f  
-1. 
W.T. Powers, R.S. Aikens :  Lmage Or th icon  Astronomy a t  t h e  Deerborn Observa to ry  . 
Appl ied Opt ics .  Vol. 2, No. 2, February  1963, p. 157. 
L i v i n g s t o n ,  Wil l iam,  C . :  R e s o l u t i o n  C a p a b i l i t y  of t h e  Image Or th icon  Camera 
Tube Under Nonstandard Scan Condi t ions .  J. s o c . M o t i o n  P i c t u r e  T e l e v i s i o n  
E n g i n e e r s .  Vol. 72, 1963, p. 771. 
E .  Luedicke,  A . D .  Cope, L.E. F l o r y :  Astronomical  Image - I n t e g r a t i o n  System 
Using a  T e l e v i s i o n  Camera Tube. Applied O p t i c s .  Vol. 3, No. 6, June 1464. 
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problems a r i s i n g  from long  w r i t e  t imes  fol lowed by readou t  i n  a  f r a c t i o n  o f  
a  second.  During long w r i t e  t imes  s p u r i o u s  p u l s e s  and b u r s t s  of  n o i s e  a r e  
i n t e g r a t e d  and can s e r i o u s l y  a f f e c t  image c o n t r a s t .  Also when readou t  
o c c u r s ,  some r e s i d u a l  cha rge  p a t t e r n  i s  l e f t  on t h e  t a r g e t  and subsequent  
s c a n s  must be  made t o  c o l l e c t  a l l  t h e  a v a i l a b l e  i n f o r m a t i o n .  The p r e s e n c e  
of  background l i g h t  e m i t t e d  by t h e  ca thode  and b e i n g  s c a t t e r e d  th rough  t h e  
t u b e  towards  t h e  photocathode was e l i m i n a t e d  on t h e  measurements by t u r n i n g  
o f f  t h e  r e a d  beam d u r i n g  t h e  w r i t e  phase  and by on ly  t u r n i n g  on t h e  h igh  
v o l t a g e  d u r i n g  t h e  r e a d  c y c l e .  The l i m i t a t i o n  on s t o r a g e  t ime  was due t o  
c h a r g e  b u i l d u p  s t a r t i n g  a t  t h e  edge of  t h e  t a r g e t  and was t o l e r a b l e  f o r  w r i t e  
t imes  of 40 minutes  a f t e r  which t h e  whole t a r g e t  had t o  be  wiped c l e a n  b e f o r e  
t h e  n e x t  w r i t e  c y c l e .  
SECONDARY EMISSION CONDUCTION V I D I C O N  (SEC) 
The SEC v i d i c o n  t u b e  i s  n o t  a s  s e n s i t i v e  a s  an  image o r t h i c o n  t u b e  b u t  h a s  
s u p e r i o r  i n t e g r a t i o n  and s t o r a g e  c a p a b i l i t i e s  (Tab le  53) ,  It can be made more 
s e n s i t i v e  by adding a n  image i n t e n s i f i e r  s e c t i o n  coupled by a f i b e r  o p t i c  
f a c e p l a t e .  F i g u r e  371  shows a  schemat ic  drawing of  a  m a g n e t i c a l l y  focused  
and d e f l e c t e d  SEC v i d i c o n .  It c o n s i s t s  o f  t h r e e  b a s i c  p a r t s ,  a n  e l e c t r o -  
s t a t i c a l l y  focused  d iode  image s e c t i o n ,  a  secondary e l e c t r o n  conduc t ion  t a r g e t  
and a  r eadou t  s e c t i o n .  The photocathode can be any of  t h e  s t a n d a r d  t y p e s  
depending upon t h e  s p e c t r a l  r e g i o n  chosen and i s  d e p o s i t e d  i n t o  t h e  curved 
i n n e r  s u r f a c e  of a  f i b e r  o p t i c  f a c e p l a t e .  T h i s  t r a n s f e r s  t h e  focused  
image on t h e  p l a n e  f a c e p l a t e  s u r f a c e  th rough  t o  t h e  photocathode.  Photo-  
e l e c t r o n s  e m i t t e d  from t h e  p h o t o s u r f a c e  a r e  a c c e l e r a t e d  by a n  e l e c t r o s t a t i c  
l e n s  and a r e  focused o n t o  t h e  SEC t a g g e t .  T h i s  t a r g e t  p r o v i d e s  a n  i n t e r n a l  
g a i n  mechanism and c o n s i s t s  of a  500A - t h i c k  l a y e r  of A 1  0  fo l lowed by 2 2 
a n  e q u a l  t h i c k n e s s  of  aluminum t o  form a  s i g n a l  e l e c t r o d e .  I n  t h e  s i d e  of 
t h e  t a r g e t  f a c i n g  t h e  r e a d i n g  gun i s  d e p o s i t e d  a  h i g h l y  porous l a y e r  of K C 1  
a c r o s s  which an e l e c t r i c  f i e l d  i s  ma in ta ined .  High energy (8KeV) p h o t o e l e c t r o n s  
a r r i v i n g  from t h e  d i o d e  image s e c t i o n  p e n e t r a t e  t h e  A 1  0  and A 1  l a y e r s  and 2 3  d i s s i p a t e  t h e i r  energy i n  t h e  K C 1  l a y e r  by producing secondary e l e c t r o n s .  
The secondary e l e c t r o n s  t r a v e l  th rough  t h e  K C 1  l a y e r  i n  t h e  i n t e r s t i t i a l  
p o r e s  of  t h e  m a t e r i a l  and m i g r a t e  toward t h e  s i g n a l  p l a t e  because  of t h e  i n t e r n a l  
e l e c t r i c  f i e l d  i n  t h e  K C 1  m a t e r i a l .  Th i s  produces a  p o s i t i v e  charge  p a t t e r n  
on t h e  t a r g e t  s u r f a c e  f o c u s i n g  t h e  r e a d i n g  beam a n d , s i n c e  t h e  t a r g e t  i s  
of h i g h  s e n s i t i v i t y ,  because  of i t s  low d e n s i t y ,  t h e  charge  p a t t e r n  can be 
s t o r e d  f o r  long p e r i o d s  of  t ime .  The r e a d i n g  beam d i s c h a r g e s  t h e  t a r g e t  
by r e t u r n i n g  t h e  surface-*to-gun ca thode  p o t e n t i a l  and t h i s  g e n e r a t e s  a  c u r r e n t  
p u l s e  which i s  c a p a c i t i v e l y  coupled t o  t h e  s i g n a l  e l e c t r o d e .  
The pa ramete r s  i n  T a b l e A - l a r e t h o s e  f o r  t h e  Westinghouse WL-30691 SEC t u b e  
and t h i s  t u b e  can be  d i r e c t l y  coupled t o  t h e  image i n t e n s i f i e r  t u b e  WL- 
30677 t o  p rov ide  s e n s i t i v i t i e s  f a r  i n  excess  o f  t h o s e  of image o r t h i c o n  tubes  
s i n c e  t h e  image i n t e n s i f i e r  can p rov ide  coupled e l e c t r o n  g a i n s  of 100 t o  
p rov ide  o v e r a l l  s e n s i t i v i t i e s  of  50pA/ft-c.  
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Both t h e  WL-30691 and  t h e  coup1t.d vc.rs ion l ~ a v e  b e e n  c>xpe r i rnen ta l l y  i n v e s t i g a t r > f '  
.'. 
u s i n g  t h e  3 6 - i n c h  McDonald t e l e s c o p e  by Green" wtio was a b l e  t o  d e t e c t  20-fi 
s t a r s  a g a i n s t  a  n i g h t  sky  background.  A compar i son  o f  t h e  i n t e n s i f i e r  SEC 
(WL-30691 c o u p l e d  t o  a  WL-30677 i n t e n s i f i e r )  and  t h e  u n a i d e d  WL-30691 was 
made w i t h  p r e v i o u s l y  p u b l i s h e d  d a t a  on image o r t h i c o n s  and  p h o t o g r a p h i c  
>v 9v f i l i n .  A l l  t h e  p u b l i s h e d  d a t a .  norma l i z e d  t o  a  36 - inch  C a s s e g r a i n  t e l e s c o p e  
a p e r t u r e ,  i s  shown i n  F i g u r e  A - 2 .  The l i m i t a t i o n  on l i m i t i n g  v i s u a l  
magn i tude  i s  due t o  t h e  p r e s e n c e  o f  n i g h t  sky  background and  s i n c e  t h e  background 
e x p e c t e d  i n  s p a c e  w i l l  b e  much d i f f e r e n t ,  t h e n  t h e  r e s u l t s  r e p o r t e d  by Green 
p r o v i d e  o n l y  a  r e l a t i v e  s e n s i t i v i t y  compar i son  i n  t h e  s e n s e  t h a t  t h e  i n t e n s i f i e r  
SEC image t u b e  i s  10 t i m e s  more s e n s i t i v e  t h a n  t h e  image o r t h i c o n  and  100 
t i m e s  more s e n s i t i v e  t h a n  t h e  SEC v i d i c o n .  Assuming t h a t  t h i s  t y p e  o f  t u b e  o r  
some f u t u r e  development  ( i . e . ,  g r e a t e r  s e n s i t i v i t y ,  a r e a ,  e t c . )  o f  t h e  i n t e n s i f i e r  
SEC v i d i c o n  i s  used  f o r  t h e  LTEP e l e c t r o n i c  imag ing  package ,  t h e n  t h e  o p t i c a l  
c o n f i g u r a t i o n  o f  t h e  package  must b e  a l t e r e d  t o  t a k e  f u l l  a d v a n t a g e  o f  t h e  
5 . 5  a r c - m i n u t e  d i f  f r a c t i o n - l i m i t e d  f i e l d  s i z e  o f  t h e  LTEP. 
OPTICAL CONFIGURATION 
I n  t h e  p r e v i o u s  o p t i c a l  d e s i g n  t h e  f i n a l  f-number was £150 and  now must  b e  
i n c r e a s e d  t o  f / 1 0 0  t o  match  t h e  r e s o l u t i o n  o f  p r e s e n t l y  a v a i l a b l e  t u b e s .  T h i s  
e n t a i l s  a  d i f f e r e n t  d e s i g n  o f  t h e  a l l - r e f l e c t i v e  m i c r o s c o p e  w i t h  a  m a g n i f i c a -  
t i o n  o f  10 i n s t e a d  05  5 .  Two m i c r o s c o p e  d e s i g n s  p r o v i d i n g  d i f f r a c t i o n -  
l i m i t e d  pe r fo rmance  h a v e  b e e n  i n v e n t e d ,  h a v i n g  m a g n i f i c a t i o n s  of  5  and  20 t 
and  a  d e t a i l e d  d e s i g n  f o r  a  m a g n i f i c a t i o n  o f  10 i s  a  n a t u r a l  e x t e n s i o n  o f  
t h e s e  and  i s  n o t  p r e s e n t e d  i n  d e t a i l  s i n c e  f u t u r e  image t u b e  r e s o l u t i o n  
improvements  may b e  c o m p a t i b l e  w i t h  t h e  p r e v i o u s l y  p roposed  f / 5 0  d e s i g n .  
A more s e r i o u s  problem i s  t h a t  o f  c o v e r i n g  t h e  e n t i r e  d i f f r a c t i o n - l i m i t e d  
f i e l d  o f  t h e  t e l e s c o p e  s i n c e  a t  f / 5 0  t h e  5 . 5  a r c - m i n u t e  f i e l d  c o r r e s p o n d s  t o  
138  m ( 5 . 5  i n c h e s )  and  w i l l  b e  11 i n c h e s  i n  d i a m e t e r  a t  f1100.  The 
most  s t r a i g h t f o r w a r d  way i s  t o  d e v e l o p  11 - inch  d i a m e t e r  i n t e n s i f i e r  SEC 
v i d i c o n ,  b u t  a t  p r e s e n t  o n l y  6 - inch  d i a m e t e r  SEC v i d i c o n s  have  been  manu- 
f a c t u r e d .  However, t h e r e  a r e  s e v e r a l  o t h e r  t e c h n i q u e s  which  can b e  u s e d  
t o  e n a b l e  t h e  1 1 - i n c h  f i e l d  t o  b e  c o v e r e d  by a  s m a l l e r  d i a m e t e r  v i d i c o n ,  f o r  
example : 
- - - - 
J. 
Green,  M . ,  Hansen,  J.R. : A p p l i c a t i o n  oC SEC Camera a n d  E l e c t r o s t a t i c  Image 
I n t e n s i f i e r s  t o  Astronomy. P r e s e n t e d  a t  t h e  F o u r t h  Symposium on Pho to -  
e l e c t r o n i c  Image Dev ices ,  I m p e r i a l  C o l l e g e ,  London, September  1968.  
-1. J- 
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Cromwell,  R . H . :  E v a l u a t i o n  o f  Image Tubes  f o r  Use i n  D i r e c t  P h o t o g r a p h y  
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(1) Use o f  mul- t ip le  t u b e s  t o  i n c r e a s e  f i e l d  coverage.  
( 2 )  Moving t h e  image t u b e  i n  x and y d i r e c t i o n s  t o  cover  t h e  11- 
i n c h  format  and u s e  of a zoom t y p e  i n t e n s i f i e r  SEC v i d i c o n .  
(3 )  O f f s e t t i n g  t h e  image movers and u s i n g  t h e  body p 'o int ing of 
t h e  t e l e s c o p e  o r  a n g u l a r  motion o f  t h e  secondary t o  
change f i e l d  p o s i t i o n .  
( 4 :  O f f s e t t i n g  t h e  image movers and u s i n g  an  a u j c i l i a r y  t r a n s f e r  
m i r r o r  i n  t h e  package t o g e t h e r  w i t h  motion of t h e  
t e l e s c o p e  t o  change and s t a b i l i z e  t h e  f i e l d  p o s i t i o n .  
MULTIPLE TUBES 
It i s  p o s s i b l e  t o  pack t h r e e  o r  f o u r  SEC t u b e s  i n  p a r a l l e l  t o  cover  a  
cor responding ly  l a r g e r  f i e l d  b u t  t h e  g a i n  i n  coverage i s  not  g r e a t l y  improved 
s i n c e  t h e  u s a b l e  a p e r t u r e  of most image t u b e s  i s  much s m a l l e r  t h a n  t h e  t u b e  
envelope.  
MECHANICAL SCANNING 
I f  a 6-inch a p e r t u r e  v i d i c o n  i s  mounted on a n  x-y s t a g e ,  t h e n  mechanical  
motion of +2,5 i n c h e s  w i l l  e n a b l e  t h e  e n t i r e  f i e l d  t o  b e  covered.  The x-y 
s t a g e  does n o t  have t o  be  o f  h i g h  p r e c i s i o n  because  o f  t h e  l a r g e  dep th  o f  
f i e l d  a t  t h e  £ / I 0 0  f o c u s  (51.6mm) and, i f  r e l i a b l e  e l e c t r i c a l  c o n n e c t i o n s  
(v ideo  o u t p u t ,  i n t e n s i f i e r  and image t u b e  power, zoom c o n t r o l  v o l t a g e )  can  
be provided,  t h e  mechanical  scann ing  p rov ides  a  s i m p l e  method of  a c h i e v i n g  
f u l l  f i e l d  coverage,  Many i n t e n s i f i e r  SEC v i d i c o n s  a l s o  p rov ide  a  zoom 
f e a t u r e  i n  e i t h e r  t h e  i n t e n s i f i e r  o r  SEC s e c t i o n  w i t h  a  2 ,5 :1  zoom r a t i o  and 
t h e r e f o r e  enab le  a  250-percent  h i g h e r  r e s o l u t i o n  t o  be  o b t a i n e d  o v e r  a 
cor responding ly  s m a l l e r  f i e l d .  
USE OF IMAGE MOVERS 
An obvious  method o f  a c h i e v i n g  f u l l  f i e l d  coverage hs t o  move t h e  complete  
t e l e s c o p e  s t r u c t u r e  i n  t h e  t e l e s c o p e  gimbals o r  t o  move t h e  o u t e r  s t r u c t u r e  
i f  t h e  t e l e s c o p e  t u b e  i s  o p e r a t e d  i n  t h e  f r e e  f l o a t  mode. Th is  i s  most 
s imply ach ieved  by moving t h e  image movers and u s i n g  t h e  e r r o r  s i g n a l s  t h u s  
produced t o  move t h e  t e l e s c o p e  s t r u c t u r e  f o r  c o a r s e  p o i n t i n g  and a l s o  t o  
c o n t r o l  t h e  secondary  m i r r o r  f o r  image s t a b i l i z a t i o n .  
IMAGE TUBE DEVKOPMENT 
The most r e c e n t  image t u b e s  t o  be developed have t h e  p h o t o e l e c t r o n  s e n s i n g  
element r e p l a c e d  by a  rugged and more s e n s i t i v e  a r r a y  o f  s i l i c o n  d i o d e s .  
Usua l ly  t h i s  t e c h n i q u e  h a s  been a p p l i e d  t o  s t a n d a r d  v i d i c o n  tubes ,bu t  RCA h a s  
r e c e n t l y  announced an SEC type  of t u b e  (No. ~21117B)  i n  which t h e  normal 
K C 1  t a r g e t  i s  r e p l a c e d  by a  s i l i c o n  d iode  a r r a y .  Th is  t u b e  i s  r e p o r t e d  t o  
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g i v e  a s e n s i t i v i t y  e q u i v a l e n t  t o  a n  SEC v i d i c o n  coupled by f i b e r  o p t i c  f a c e -  
p l a t e s  t o  a  f r o n t  end i n t e n s i f i e r  t u b e .  The new image t u b e  i s  c o n s e q u e n t l y  
l i g h t e r  and s h o r t e r  t h a n  t h e  i n t e n s i f i e r / ~ E C  combinat ion.  However, a  s e r i o u s  
d i s a d v a n t a g e  i s  t h a t  t h e  t u b e  can o n l y  s t o r e  o r  i n t e g r a t e  f o r ,  100 seconds  
u s i n g  a  s p e c i a l l y  developed antimony oxy-sul f  i d e  photocathode.  The p r e s e n t  
r e s o l u t i o n  i s  600 TV l i n e s  f o r  a  24-mm p i c t u r e  h e i g h t ,  i . e . ,  12  R!mrn. A t  
p r e s e n t ,  t h e  r e s o l u t i o n  l i m i t a t i o n  i s  i n  t h e  p r e a m p l i f i e r  coup led  t o  t h e  tube  
and t h e  r e s o l u t i o n  chan e s  w i t h  i l l u m i n a t i o n  l e v e l s ,  i . e . ,  12 i / m m  a t  10-5 
f t - c  t o  2 k/mm a t  lo'? i t - c .  The i n h e r e n t  r e s o l u t i o n  of t h e  t u b e  i s  a t  
p r e s e n t  l i m i t e d  by t h e  f r o n t  s e c t i o n  e l e c t r o n  o p t i c s  and t h e  s c a n n i n g  e l e c t r o n  
o p t i c s .  The t u b e  s e n s i t i v i t y  o f  3500pA/£t-c i s  s l i g h t l y  lower t h a n  t h e  
e s t i m a t e d  12,500 b~A/ f t -c  f o r  t h e  i n t e n s i f i e r  SEC v i d i c o n  b u t  i s  f a r  s u p e r i o r  
t o  t h e  SEC v i d i c o n  performance.  The i n c r e a s e  i n  g a i n  i s  a t t r i b u t e d  t o  a n  
a v a l a n c h i n g  p r o c e s s  which produces  e l e c t r o n - h o l e  p a i r s  i n  t h e  s i l i c o n  d i o d e ,  
t h e  a v a l a n c h e  b e i n g  i n i t i a t e d  by h o t  e l e c t r o n s  a c c e l e r a t e d  from t h e  photo-  
ca thode t o  t h e  d i o d e  a r r a y  t a r g e t .  Approximately one e l e c t r o n - h o l e  p a i r  
i s  produced f o r  each 3 . 5  keV o f e l e c t r o n  energy and r e a l i z a b l e  g a i n s  of 2500 
can be  a c h i e v e d  i n  t h e  t a r g e t .  
T h i s  t y p e  of t u b e  i s  i n  t h e  v e r y  e a r l y  development s t a g e  and g a i n s  i n  r e s o l u -  
t i o n  and s e n s i t i v i t y  can be expec ted  from f u t u r e  r e s e a r c h  i n t o  d i o d e  a r r a y  
image t u b e s .  
Although t h e  f u t u r e  s e n s i t i v i t y  and r e s o l u t i o n  of t h e  d i o d e  a r r a y  SEC v i d i c o n  
t u b e  w i l l  be  improved and w i l l  p r o v i d e  a  new concept  i n  image t u b e  r e s e a r c h ,  t h e  
f i e l d  i s  i n  i t s  i n f a n c y  and a s  a  colisequence t h e  c o n v e n t i o n a l  SEC v i d i c o n  
o r  i n t e n s i f i e r  SEC v i d i c o n  i s  t h e  most s u i t a b l e  image t u b e  f o r  t h e  d e s i g n  of  
t h e  p r e s e n t  i n s t r u m e n t  packages aboard  t h e  LTEP. I n  any e v e n t ,  t h e  c h o i c e  
of a  p a r t i c u l a r  image t u b e  shou ld  a l s o  depend upon i t s  i n t e n d e d  a p p l i c a t i o n  
which can on ly  b e  f u l l y  s p e c i f i e d  when t h e  o b s e r v e r ' s  o b j e c t  of i n t e r e s t  i s  
b e t t e r  d e f i n e d .  
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APPENDIX B - THE ECHELLE SPECTROGRAPH 
T h i s  Appendix g i v e s  some of  t h e  d e s i g n  d e t a i l s  deve loped  by Perkin-Elmer i n  
t h e  Advanced P r i n c e t o n  S a t e l l i t e  Study,  
ECHELLE SPECTROGRAPH 
The main t a s k  of  t h i s  p o r t i o n  o f  t h e  s p e c t r o g r a p h  d e s i g n  s t u d y  was t o  
d e t e r m i n e  t h e  performance a t t a i n a b l e  u s i n g  a  two-element e c h e l l e  s p e c t r o g r a p h  
c o n ~ i g u r a t i o g .  The d e s i g n  g o a l  i s  a  r e s o l u t i o n  (X/dh) o f  10,000 over  t h e  
900A t o  3000A s p e c t r a l  r eg ion .  
The u s e  o f  v i d i c o n s  as t h e  pr imary d a t a  t r a n s d u c e r s  n o t  o n l y  a l l o w s  t h e  
p o s s i b i l i t y  o f  imaging b u t  a l s o  promises a  l a r g e  i n c r e a s e  i n  t h e  r a t e  of 
a c q u i s i t i o n  of s p e c t r o p h o t o m e t r i c  d a t a  from weak s t e l l a r  s o u r c e s ,  I n  o r d e r  
t o  t a k e  f u l l  advan tage  of  t h i s  l a r g e  d a t a  c a p a c i t y ,  i t  i s  n e c e s s a r y  t o  f o l d  
t h e  spect rum s o  t h a t  i t  c o v e r s  a s  much of  t h e  s e n s i t i v e  s u r f a c e  o f  t h e  v i d i -  
con a s  i s  f e a s i b l e ,  Such an arrangement  i s  p rov ided  by a n  e c h e l l e  s p e c t r o -  
graph.  
I n i t i a l l y  i t  v a s  expec ted  t h a t  t h e  s p e c t r o g r a p h  would be used t o  cover  t h e  
l l O O A  t o  3000A s p e c t r a l  r e g i o n  and t h a t  a  r e s o l u t i o n  of  10,000 would be  
adequa te ,  L a t e r ,  when t h e  p o s s i b i l i t y  of  a  manned m i s s i o n  x a s  c o n s i d e r e d ,  
t h e  d e s i r e d  s p e c t r a l  range was i n c r e a s e d  t o  i n c l u d e  t h e  800A t o  l l O O A  
s p e c t r a l  r e g i o n  and a n  even h i g h e r  r e s o l u t i o n  c a p a b i l i t y  was sugges ted  
i n  o r d e r  t o  t a k e  advan tage  o f  t h e  i n c r e a s e d  p o t e n t i a l i t i e s  o f  pho tograph ic  
f i l m ,  
E c h e l l e  g r a t i n g s  d i f f e r  from more c o n v e n t i o n a l  g r a t i n g s  by h a v i n g  deep grooves ,  
r e l a t i v e l y  widely  spaced,  a s  shown below i n  F i g u r e  B - 1 ,  
F i g u r e  B- I. E c h e l l e  G r a t i n g  
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When u s e d  a t  h i g h  a n g l e s  o f  i n c i d e n c e  t h e  e c h e l l e  g r a t i n g  p r o v i d e s  h i g h  d i s -  
p e r s i o n  a t  h i g h  o r d e r s  of  d i f f r a c t i o n .  I n  t h e  u s u a l  e c h e l l e  s p e c t r o g r a p h  
a r r a n g e m e n t ,  a  low d i s p e r s i o n  p r e d i s p e r s e r  and  a n  e c h e l l e  g r a t i n g  a r e  a r r a n g e d  
s o  t h a t  t h e i r  d i s p e r s i o n  d i r e c t i o n s  a r e  c r o s s e d .  The h i g h  o r d e r s  produced by 
t h e  e c h e l l e  a r e  s e p a r a t e d  by t h e  p r e d i s p e r s e r  c r e a t i n g  a  f o l d e d  s p e c t r u m  re- 
s e m b l i n g  t h e  l i n e s  o f  t y p e  on a  p r i n t e d  page .  Each l i n e  c o r r e s p o n d s  t o  a 
d i f f e r e n t  o r d e r  a t  t h e  e c h e l l e  g r a t i n g .  
The f o l d e d  s p e c t r u m  p r o v i d e s  a  s u b s t a n t i a l  i n c r e a s e  i n  t h e  amount o f  s p e c t r a l  
d a t a  t h a t  can  b e  i n t e g r a t e d  w i t h  t h e  SEC v i d i c o n  and  r e a d o u t  i n  a  s i n g l e  
s t e p .  However, i t  i s  n e c e s s a r y  t o  i n s u r e  t h a t  e a c h  s p e c t r a l  r e s o l u t i o n  e l e -  
ment c o v e r s  a  number o f  v i d i c o n  r e s o l u t i o n  e l e m e n t s  s o  t h a t  a  minimum of 
s p u r i o u s  d e t a i l  i s  i n t r o d u c e d  by i r r e g u l a r i t i e s  i n t r i n s i c  t o  t h e  v i d i c o n .  
When t h e  s p e c t r a l  s o u r c e  i s  d i f f u s e ,  a v e r a g i n g  i s  e f f e c t e d  o v e r  t h e  l e n g t h  o f  
t h e  e n t r a n c e  s l i t  which  i s  e f f e c t i v e l y  0 . 7  mm l o n g  and c o n t a i n s  a  na r row 
s e c t i o n  0 .025 mm a c r o s s  a t  one  end,  and  a  w ide  s e c t i o n  0 . 1  mm a c r o s s  a t  t h e  
o t h e r .  P o i n t  s o u r c e s  do  n o t  f i l l  t h e  s p e c t r o g r a p h  e n t r a n c e  s l i t  and  a v e r a g -  
i n g  o f  i n d i v i d u a l  w a v e l e n g t h s  does  n o t  o c c u r  u n l e s s  t h e  s p e c t r u m  i s  smeared  
normal  t o  t h e  h i g h  d i s p e r s i o n  d i r e c t i o n .  O p t i c a l  a b e r r a t i o n s  w i l l  p roduce  
a n  a s t i g m a t i c  image. 
The 0 . 7 m m  e f f e c t i v e  l e n g t h  o f  t h e  e n t r a n c e  s l i t  s e t s  t h e  minimum l i n e  
s p a c i n g  on t h e  s p e c t r o g r a p h  fo rma t  a t  a b o u t  1 .0  mm i n  o r d e r  t h a t  some room 
b e  l e f t  t o  s e p a r a t e  a d j a c e n t  s p e c t r a .  A compromise be tween t h e  r e q u i r e -  
ments  f g r  r e s o l u t i o n  z n d  s p e c t r a l  c o v e r a g e  was made by s e t t i n g  t h e  d i s p e r s i o n  
a t  l O O O A  e q u a l  t o  l . O A / m m .  T h i s  d i s p e r s i o n  a n d  a  r e s o l u t i o n  o f  10,000 c o r r e s -  
pond t o  a b o u t  10 r e s o l u t i o n  e l e m e n t s  p e r  mm which a p p e a r s  t o  b e  w e l l  w i t h i n  
t h e  c a p a b i l i t y  o f  t h e  v i d i c o n  a s suming  a n  image t u b e  t r a n s f e r  f u n c t i o n  o f  50 
p e r c e n t  a t  a  f r e q u e n c y  o f  10 l i n e s  p e r  m5. I n  o r d e r  t o  e n s u r e  t h a t  t h e  v i d i -  
con i s  t h e  r e s o l u t i o n - l i m i t i n g  component ,  t h e  d e s i g n  g o a l  f o r  t h e  t r a n s f e r  
f u n c t i o n  d e s c r i b i n g  t h e  pe r fo rmance  o f  t h e  s p e c t r o g r a p h  o p t i c s  was s e t  a t  
above  50 p e r c e n t  a t  20 l i n e s  p e r  mm. 
S p e c t r o g r a p h  Des ign  
The d e s i g n  o f  t h e  s p e c t r o g r a p h  c a n  b e  d i v i d e d  i n t o  two a r e a s - - o n e  d e a l i n g  w i t h  
t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  sys tem,  w i t h  t h e  g o a l  b e i n g  t h e  d e f i n i t i o n  of  
t h e  s h a p e s ,  s p a c i n g ,  a n d  a n g u l a r  o r i e n t a t i o n  o f  t h e  o p t i c a l  e l e m e n t s  s o  t h a t  
a  r e s o l v i n g  power o f  104 c a n  b e  a c h i e v e d .  The second  a r e a  d e a l s  w i t h  t h e  
mechanisms r e q u i r e d  t o  r e c o r d  and c a l i b r a t e  t h e  s p e c t r a l  d a t a  on t h e  v i d i c o n  
image t u b e .  S i n c e  t h e  o p t i c a l  d e s i g n  i s  s i g n i f i c a n t l y  a f f e c t e d  by t h e  t e c h -  
n i q u e  used  i n  r e c o r d i n g  t h e  d a t a ,  t h i s  a r e a  of d e s i g n  i s  d i s c u s s e d  f i r s t .  
A q u e s t i o n  which h a d  n o t  been  r e s o l v e d  i n  t h e  p r e v i o u s  s t u d i e s  i s  what  
mechanism i s  t o  be  u s e d  f o r  e x p o s i n g  t h e  image t u b e  t o  t h e  s p e c t r a l  f o r m a t .  
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The format produced by an e c h e l l e  s p e c t r o g r a p h  i s  i l l u s t r a t e d  i n  F i g u r e  374,  
The concave p r e d i s p e r s e r  c a u s e s  t h e  d i s p e r s i o n  i n  t h e  v e r t i c a l  d i r e c t i o n  on 
t h e  fo rmat ,  w h i l e  t h e  e c h e l l e  g r a t i n g  causes  t h e  h o r i z o n t a l  d i s p e r s i o n .  Not 
shown i s  t h e  second-order  d i s p e r s i o n  of t h e  p r e d i s p e r s e r ,  which would over -  
l a p  t h e  f i r s t  o r d e r .  T h i s  i s  shown i n  F igureB-2  u s i n g  a s l i g h t l y  d i f f e r e n t  
fo rmat .  To s e p a r a t e  t h e  o v e r l a p p i n g  o r d e r s ,  i t  w i l l  be  n e c e s s a r y  t o  use  a  
f i l t e r .  
I n  r e a d i n g  o u t  t h e  i n f o r m a t i o n ,  t h r e e  s t e p s  a r e  r e q u i r e d :  f i l t e r i n g  o u t  t h e  
p r e d i s p e r s e r  second o r d e r ;  s h i f t i n g  t h e  format  v e r t i c a l l y ;  and s h i f t i n g  t h e  
fo rmat  l a t e r a l l y .  S h i f t i n g  t h e  format  i s  c o n s i d e r e d  r a t h e r  t h a n  moving t h e  
image t u b e  s i n c e  t h e  l a t t e r  would b e  a  much more compl ica ted  p rocedure ,  and, 
i f  t h e  mechanism f a i l e d ,  i t  c o u l d  l e a v e  t h e  image t u b e  i n  a  p o s i t i o n  t h a t  cou ld  
n o t  be employed f o r  d i r e c t  photography. 
F i g u r e  B - 3  shows a  r e a s o n a b l e  format  u s i n g  t h r e e  exposures .  T h i s  may be  
i n s t r u m e n t e d  by d e v i a t i n g  t h e  format  approx imate ly  33 m i l l i m e t e r s  by t h e  
u s e  of a weak q u a r t z  pr ism i n  two d i f f e r e n t  o r i e n t a t i o n s ,  t h e  p r i sm a c t i n g  
bo th  t o  f i l t e r  and s h i f t  t h e  format  f o r  expos ing  t h e  longer  wavelength .  
Three  d i f f e r e n t  t e c h n i q u e s  a p p e a r  f e a s i b l e .  The f i r s t  i s  s imply  t o  s h i f t  t h e  
format  w i t h  a  pr ism which, of  course ,  shou ld  b e  done a s  f a r  away from t h e  
f o c a l  p l a n e  a s  p o s s i b l e .  Assuming t h a t  i t  i s  done approx imate ly  500 mm 
away from t h e  f o c a l  p lane ,  t h e  a n g u l a r  s h i f t  would be  3 3  , 6 . 6 ~ 1 0 " ~ .  mo 
T h i s  w i l l  amount t o  a  t i l t  of between 2 and 3 m i l l i m e t e r s  a c r o s s  t h e  fo rmat ,  
which i s  w i t h i n  t h e  dep th  o f  focus  o f  a n  f / 6 0  d i f f r a c t i o n - l i m i t e d  sys tem 
a t  2000A. S i n c e  t h e  sys tem i s  n o t  d i f f r a c t i o n - l i m i t e d ,  t h i s  amount i s  
t o l e r a b l e .  The a d d i t i o n  o f  t h e  pr ism w i l l  a l s o  modify t h e  d i s p e r s i o n  s l i g h t l y .  
T h i s  t e c h n i q u e  i s  shown i n  F i g u r e  B-4, 
A second t e c h n i q u e  would be t o  u s e  a  s e p a r a t e  p r e d i s p e r s e r  which could  b e  
r o t a t e d  i n t o  p l a c e  f o r  t h e  longer  wavelengths .  T h i s  would permit  more 
e f f i c i e n t  b l a z i n g ,  t h e  u s e  o f  d i f f e r e n t  d i s p e r s i o n s  i n  t h e  long  and s h o r t  
wavelength  r e g i o n s ,  and a  b e t t e r  b a l a n c i n g  of a b e r r a t i o n s ,  s i n c e  t h e r e  
w i l l  be ,  i n  e f f e c t ,  two s e p a r a t e  s p e c t r o g r a p h s ,  each op t imized  f o r  d i f f e r e n t  
s p e c t r a l  r e g i o n s .  A weak p r i sm would s t i l l  be r e q u i r e d ,  b u t  i n  t h i s  c a s e  
o n l y  f o r  l a t e r a l  d i sp lacement ,  and i t s  d e v i a t i o n  would b e  h a l f  t h a t  of t h e  
p r e v i o u s  one. 
It would b e  p o s s i b l e  t o  u s e  a  p r i sm n e a r  t h e  s l o t  t o  d e v i a t e  t h e  r a y s  t o  a  
second f i x e d  p r e d i s p e r s e r .  T h i s  would n o t  r e q u i r e  mechan ica l  movement o f  t h e  
p r e d i s p e r s e r  ( a l t h o u g h  it would r e q u i r e  mechan ica l  movement of  a  p r i sm) .  
L a t e r a l  movement could  t h e n  h e  o b t a i n e d  w i t h  a  second prism, i n  t h e  same 
manner a s  b e f o r e .  F i g u r e  B-5 i l l u s t r a t e s  t h i s  p o s s i b i l i t y .  
A f i n a l  t e c h n i q u e  i s  p o s s i b l e ,  and t h a t  i s  t o  r educe  t h e  format  s o  t h a t  i t  
w i l l  f i t  on one image t u b e  f a c e ,  and simply i n s e r t  a p l a n e  q u a r t z  f i l t e r  i n  
f r o n t  of t h e  f o c a l  p l a n e  when o b s e r v i n g  t h e  l o n g e r  wavelengths .  T h i s  i s ,  
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o f  c o u r s e ,  t h e  s i m p l e s t  s o l u t i o n  i n  many r e s p e c t s ,  b u t  i s  e x t r e m e l y  d i f f i c u l t  
from t h e  s t a n d p o i n t  of  packing t h e  s p e c t r a  c l o s e  enough t o  i n c l u d e  a l l  t h e  
d e s i r e d  l i n e s .  For image t u b e  wgrk, i f  is  i s  p o s s i b l e  t o  n e g l e c t  a  number 
o f  wavelengths  c l o s e  t o  t h e  2400A t o  30gOA r e g i o n  and t o  n e g l e c t  some o f  
t h o s e  s h o r t e r  t h a n  t h e  r e g i o n  p a s t  1300A, a  one-format r e a d o u t  could  be 
employed. T h i s ,  o f  c o u r s e ,  h a s  t h e  advan tages  o f  mechan ica l  s i m p l i c i t y ,  a 
f a c t o r - o f - 3  d e c r e a s e  i n  exposure  t i n ~ e ,  due t o  t h e  t h r e e  f o r m a t s  o t h e r -  
w i s e  r e q u i r e d ,  and d e c r e a s e d  a b e r r a t i o n s  due t o  t h e  d e c r e a s e d  a n g u l a r  d e v i a t i o n .  
During a s t r o n a u t  p a r t i c i p a t i o n ,  f i l m  cou ld  b e  used  which would r e c o r d  t h e  
e n t i r e  format .  
F i g u r e  B-6 shows one of t h e  e a r l y  fo rmats  used,  and i s  s i m i l a r  t o  F i g u r e  B-2, 
which i l l u s t r a t e d  t h e  o v e r l a y  of  second o r d e r ,  w i t h  a  m o d i f i c a t i o n  u s i n g  a  
d e c r e a s e d  d i s p e r s i o n  from t h e  concave g r a t i n g .  The wave leng ths  l o s t  a r e  
i n d i c a t e d  a p p g o ~ i m a t e l y ~ o n  t h i s  fo rmat .  It shou ld  be  n o t e d  t h a t  i n  t h i s  
c a s e  t h e  2382A and 2600A l i n e s  of  F e I I  and t h e  28528 l i n e  of  MgI a r e  i n c l u d e d .  
Comparing t h i s  format  t o  t h e  second o r d e r  o v e r l a y  shown i n  F i g u r e  B-2, We 
s e e  t h a t  i n  a l l  c a s e s  a  f i l t e r  w i l l  be  r e q u i r e d  t o  e l i m i n a t e  t h e  second o r d e r  
o f  t h e  p r e d i s p e r s e r .  
The s p e c t r o g r a p h  i s  e s s e n t i a l l y  a re imaging  sys tem i n  which t h e  p o s i t i o n  o f  a  
monochromatic image o f  t h e  s t a r  i n  t h e  s p e c t r o g r a p h  f o c a l  p l a n e  i s  a  f u n c t i o n  
o f  wavelength .  A d i f f r a c t i o n - l i m i t e d  s tar  image i n  t h e  f / 1 0  f o c a l  p l a n e  of  
t h e  t e l e s c o p e ,  h a s  a  v i s u a l  d i a m e t e r  of  5  x  low3 mm. The image i s  magni f i ed  
i n  t h e  s p e c t r o g r a p h  by a  f a c t o r  o f  6, s o  t h a t  a t  t h e  f / 6 0  f o c u s  i t  h a s  a  d i a m e t e r  
of 3 x  lom2 mm, o r  3 0  microns .  The r e s o l u t i o n  of t h e  image t u b e  i s  50-percent  
r e s p o n s e  a t  20 TV lines/mm (10 c y c l e s  p e r  mrn) o r  50 m i c r o n s p e r  TV l i n e .  The 
a n t i c i p a t e d  r e s o l v i n g  power o f  f i l m  w i l l  b e  more t h a n  doub le  t h i s .  Motion of  
t h e  s t a r  (due t o  t e l e s c o p e  p o i n t i n g )  must be  h e l d  t o  10-I a rc - second  d u r i n g  
a n  exposure  s o  t h a t  t h e  s p e c t r a  w i l l  n o t  b e  degraded.  The p o s i t i o n  of  t h e  
s t a r  must b e  known t o  t h e  same a c c u r a c y  t o  de te rmine  t h e  a b s o l u t e  wavelength .  
For  b e s t  wavelength  c a l i b r a t i o n  it may be  n e c e s s a r y  t o  u s e  t h e  f u l l  10 '~  a r c -  
second s t a b i l i t y  of t e l e s c o p e  p o i n t i n g .  
The m a g n i f i c a t i o n  of  6  h a s  been s e l e c t e d  a s  t h e  l a r g e s t  t h a t  can be  c o n v e n i e n t l y  
f i t t e d  i n t o  t h e  s p a c e c r a f t .  L a r g e r  m a g n i f i c a t i o n  ( s lower  sys tem) would i n -  
c r e a s e  t h e  d imensions  b u t  d e c r e a s e  t h e  a b e r r a t i o n s .  Less  m a g n i f i c a t i o n  
( f a s t e r  sys tem) would i n c r e a s e  t h e  a b e r r a t i o n s  s i g n i f i c a n t l y ,  w h i l e  r e d u c i n g  
t h e  s i z e .  The v a l u e  of 6  ( f / 6 0 )  was s e l e c t e d  a s  a  compromise v a l u e  t h a t  
would be  r e p r e s e n t a t i v e  of  t h e  f i n a l  system. 
The e n t r a n c e  s l o t  h a s  been d i s c u s s e d  i n  Perkin-Elmer E n g i n e e r i n g  Repor t  No. 
8688. E f f e c t i v e l y ,  t h e  s l o t  i s  a h o l e  i n  t h e  f l i p  m i r r o r  a t  £110 which 
r e l a y s  l i g h t  t o  t h e  imaging microscopes  and s u b s e q u e n t l y  t o  t h e  d i r e c t  imaging 
Ye 
Wiss inger ,  A.B.,: Advanced P r i n c e t o n  s a t e l l i t e  Study, Phase  I, S e c t i o n  4.1 
Vol. 111. Perkin-Elmer Engin'eering Repor t  No. 8688, June 30, 1967. 
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image tube .  Thus, t h i s  t u b e  h a s  a magni f i ed  f i e l d  o f  v iew w i t h  a  h o l e  i n  
t h e  c e n t e r  where t h e  s l o t  i s  l e t t i n g  l i g h t  th rough  t o  t h e  s p e c t r o g r a p h  from 
t h e  o b j e c t  i n  t h e  c e n t e r  of t h e  f i e l d  o f  view, S i n c e  t h i s  t y p e  o f  o p e r a t i o n  
d i f f e r s  from t h a t  o f  t h e  u s u a l  s p e c t r o g r a p h i c  s l i t ,  t h e  term s l o t  h a s  been 
used .  
The e n t r a n c e  s l o t  w i l l  n o t ,  a s  i t  does i n  most a s t r o n o m i c a l  s p e c t r o g r a p h s ,  
d e f i n e  t h e  sys tem s p e c t r a l  r e s o l u t i o n ,  s i n c e  t h i s  i s  d e f i n e d  by t h e  s t a r  
image. However, i n  d e a l i n g  w i t h  extended s o u r c e s ,  i t  w i l l  d e f i n e  t h e  
s p e c t r a l  r e s o l u t i o n .  The f a c t o r s  i n v o l v e d  i n  s e l e c t i n g  t h e  s l o t  d imensions  
m e r i t  c o n s i d e r a t i o n ,  s i n c e  t h i s  must b e  a  compromise. 
For d i r e c t  imaging, t h e  d imensions  s h o u l d  b e  a s  s m a l l  a s  p o s s i b l e  t o  minimize 
t h e  a r e a  of  t h e  f i e l d  of  v iew covered by t h e  s l o t .  For  work on extended 
s o u r c e s ,  t h e  s l o t  s h o u l d  be  a s  s m a l l  a s  p o s s i b l e  f o r  s p e c t r a l  r e s o l u t i o n .  
On t h e  o t h e r  hand, f o r  s t e l l a r  work t h e  s l o t  shou ld  be  l a r g e  s o  t h a t  t h e  
s t a r  can e n t e r  it e a s i l y  and s m a l l  e r r o r s  i n  p o s i t i o n i n g  t h e  image movers 
w i l l  n o t  a f f e c t  t h e  s p e c t r o g r a p h  o p e r a t i o n .  A key-shaped s l o t  would be  a 
p o s s i b i l i t y ,  b u t  would n e c e s s i t a t e  a  much l a r g e r  format ,  s i n c e  w i t h  ex tended  
s o u r c e s ,  t h e  s p e c t r a l  l i n e s  would b e  l engh tened  t o  a n  image of  t h e  s l o t .  
T h i s  does  n o t  seem d e s i r a b l e  s i n c e  sys tem r e s o l u t i o n  depends t o  a  g r e a t  
e x t e n t  on keep ing  a l l  a n g l e s  s m a l l  and u s i n g  a s  compact a  fo rmat  a s  p o s s i b l e .  
M a i n t a i n i n g  t h e  o r i g i n a l  fo rmat  w i t h  a  l eng thened  s l o t  would c a u s e  o v e r l a p p i n g  
of  t h e  v a r i o u s  o r d e r s  f o r  extended s o u r c e s .  T h i s  might n o t  b e  c r i t i c a l  f o r  
e m i s s i o n  l i n e  o b j e c t s  where t h e  l i n e s  c o u l d  be  i d e n t i f i e d ,  and t h e r e  would 
n o t  b e  t o o  many l i n e s ,  b u t  i n  t h e  p resence  of  a  continuum t h e  sys tem o u t p u t  
would be  ex t remely  d i f f i c u l t  t o  r e s o l v e ,  i f  i t  cou ld  be r e s o l v e d ,  a t  a l l .  The obv ious  
c o n c l u s i o n  i s  t h a t ,  i f  s t e l l a r  s p e c t r o s c o p y  i s  t o  be  g iven  t h e  g r e a t e s t  
weight ,  t h e  s l o t  s h o u l d  be  of  d imensions  commensurate w i t h  t h e  p o s i t i o n i n g  
a c c u r a c y  o f  t h e  image movers. I f  t h i s  a c c u r a c y  i s  t o  i 2  a rc - seconds ,  t h e n  t h e  
d imensions  shou ld  b e  s l i g h t l y  g r e a t e r  t h a n  t h i s ,  o r  +0.05mm, w i t h  0 .1  mm a c r o s s  
a s  a  minimum p r a c t i c a l  dimension.  I n  t h i s  case ,  t h e  r e s o l u t i o n  f o r  n e b u l o s i t i e s  
would b e  a n  o r d e r  of  magni tude lower, and o v e r l a p  of o r d e r s  would occur  o n l y  
s l i g h t l y ,  a l t h o u g h  i t  would occur  between a d j a c e n t  o r d e r s  because  of  a s t igma-  
t i s m  i n  t h e  system. A p r a c t i c a l  compromise might  be  t o  u s e  a  s l i g h t l y  l a r g e r  
s l o t  f o r  convenience  i n  s e t t i n g ,  b u t  t o  u s e  a  diaphragm o r  p i n h o l e  t h a t  cou ld  
be  r o t a t e d  i n t o  p l a c e  f o r  o p e r a t i n g  w i t h  n e b u l o s i t i e s ,  s i n c e  i n  t h i s  c a s e  
no i n c r e a s e  i n  p o i n t i n g  accuracy  would b e  r e q u i r e d  w i t h  a  s m a l l e r  s l o t  b e -  
c a u s e  of t h e  ex tended  n a t u r e  of  t h e  s o u r c e .  
Wavelength c a l i b r a t i o n  i n  a n  a b s o l u t e  s e n s e  i s  d i f f i c u l t  s i n c e  t h e  s t a r  a c t s  
a s  i t s  own e n t r a n c e  s l i t  and w i l l  b e  p o s i t i o n e d  t o  on ly  12  a rc - seconds  by t h e  
image movers. T h i s  co r responds  t o  1 5 x  10-2 m i l l i m e t e r  i n  t h e  f / 1 0  f o c a l  
p lane ,  and t h e  u n c e r t a i n t y  i n  p o s i t i o n  o f  i t s  image i n  t h e  f o c a l  p l a n e  o f  t h e  
s p e c t r o g r a p h  w i l l  b e  6 0 0 ~ ~  o r  abou t  10 r e s o l u t i o n  e lements .  T h i s  u n c e r t a i n t y  
can on ly  b e  compensated f o r  by knowing t h e  p o s i t i o n  of  t h e  s t a r  t o  0 . 1  a r c -  
second o r  b e t t e r  and a p p l y i n g  a  c o r r e c t i o n .  T h i s  becomes a  p r o c e d u r a l  
m a t t e r  which can be  s o l v e d  by knowing t h e  p o s i t i o n  w i t h  r e s p e c t  t o  nearby 
s t a r s  which can have t h e i r  p o s i t i o n s  measured r e l a t i v e  t o  t h e  s l o t  of  t h e  
s p e c t r o g r a p h .  
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One p o s s i b i l i t y  i s  t o  u t i l i z e  t h e  redundant image t u b e  t o  t r a n s m i t  s i m u l t a n e o u s l y  
d i r e c t  images of t h e  s t a r s  s u r r o u n d i n g  t h e  program s t a r  (whose image would 
b e  p a s s i n g  through t h e  s l o t  i n  t h e  f l i p  m i r r o r  o n t o  t h e  s p e c t r o g r a p h ) .  The 
f l i p  m i r r o r  would be  i n  t h e  p o s i t i o n  t o  r e l a y  t h e  d i r e c t  images t o  t h e  image 
t u b e  n o t  b e i n g  used f o r  s p e c t r o s c o p y .  By knowing a c c u r a t e l y  t h e  p o s i t i o n  of 
t h e  program s t a r  r e l a t i v e  t o  i t s  ne ighbors ,  and by o b t a i n i n g  t h e  p o s i t i o n  of  
t h e  edges  of  t h e  s l o t  ( o r  r e t i c l e  marks) r e l a t i v e  t o  t h e  n e i g h b o r i n g  s t a r s ,  
t h e  p o s i t i o n  o f  t h e  program s t a r  r e l a t i v e  t o  t h e  s p e c t r o g r a p h  o p t i c  a x i s  can 
t h e n  b e  determined.  The s p e c t r o g r a p h  wavelength c a l i b r a t i o n  can be  de te rmined  
b e f o r e  f l i g h t  a s  a  f u n c t i o n  of image p o s i t i o n  i n  t h e  f l i p  m i r r o r  s l o t .  It 
may b e  n e c e s s a r y  t o  i l l u m i n a t e  t h e  f l i p  m i r r o r  t o  make t h e  s l o t  v i s i b l e .  
Wavelength c a l i b r a t i o n  i s  a b s o l u t e l y  n e c e s s a r y ,  a s  i s  l o c a t i n g  t h e  p h y s i c a l  
p o s i t i o n  o f  t h e  s t a r  i n  t h e  s l i t ,  i f  one i s  t o  have a b s o l u t e  c a l i b r a t i o n  t o  
w i t h i n  t h e  v i d i c o n  r e s o l u t i o n .  Because of  t h e  s l o t  s i z e ,  and t h e  r e q u i r e d  
c l o s e  packing o f  t h e  format ,  i t  does n o t  seem f e a s i b l e  t o  p r e s e n t  a  comparison 
o r  r e f e r e n c e  spect rum a t  t h e  same t ime  a s  t h e  spect rum of  t h e  s t a r .  However, 
between exposures ,  a  r e f e r e n c e  s o u r c e  focused on a  s m a l l  m i r r o r  n e a r  t h e  
s l o t  and d i s p l a c e d  s l i g h t l y  i n  t h e  d i r e c t i o n  of  l i n e s  of  t h e  concave g r a t i n g  
( a s  shown i n  F i g u r e  B - 7 ) ,  w i l l  make i t  p o s s i b l e  t o  p r e s e n t  a  comparison 
s p e c t r a  which i s  s h i f t e d  i n  t h e  v e r t i c a l  d i r e c t i o n  a  few m i l l i m e t e r s .  
D e f i n i n g  t h e  r e f e r e n c e  l i g h t  t o  be used f o r  c a l i b r a t i o n  was beyond t h e  scope  
of  t h i s  s t u d y .  The r e f e r e n c e  l i g h t ,  of course ,  would have i t s  own s l i t  
t o  d e f i n e  i t s  s p e c t r a ,  Examination of t h e  long  wavelength  end of  t h e  spec t rum 
and t h e  c e n t e r  of t h e  format  would i n d i c a t e  t h e  wavelength  i n  t h e  c e n t e r  of 
t h e  fo rmat ,  and cou ld  d e n o t e  t h e  wavelength f o r  t h e  bottom o f  t h e  s h o r t  
wavelength  format .  Th i s  would a l s o  measure l i n e a r i t y  of  TV s c a n  and by check- 
i n g  t h e  s t a n d a r d  fo rmats  i t  would t h e n  be  p o s s i b l e  t o  de te rmine  t h e  o f f s e t  
i n t r o d u c e d  by t h e  TV. 
Because o f  t h e  d i f f e r e n t  fo rmat  p o s i t i o n s ,  c a l i b r a t i o n  i s  a  m u l t i - s t e p  
p rocedure  whose r e p e t i t i o n  r a t e  w i l l  depend on t h e  s t a b i l i t y  o f  t h e  sys tem 
a s  obse rved  i n  use .  Placement of t h e  c a l i b r a t i o n  s o u r c e  i n  o t h e r  p o s i t i o n s  
t h a n  a  s l i g h t  d i sp lacement  p a r a l l e l  t o  t h e  concave g r a t i n g  l i n e s  w i l l  l e a d  
t o  a  l a r g e  m o d i f i c a t i o n  of t h e  a b e r r a t i o n s  which would i n v a l i d a t e  t h e  
c a l i b r a t i o n .  I n t e n s i t y  c a l i b r a t i o n  may b e s t  be done u s i n g  known s t a r s  i n s t e a d  
o f  s p e c t r a l  l i n e s ,  a l t h o u g h  t h e  r e f e r e n c e  s o u r c e  s p e c t r a  w i l l  p rov ide  a  c r o s s  
check.  
T h i s  d i s t r i b u t i o n  of  e f f e c t i v e  i n t e n s i t y  a c r o s s  t h e  fo rmat  w i l l  depend on 
t h e  d i s t r i b u t i o n  of l i g h t  d i f f r a c t e d  by t h e  g r a t i n g s ,  t h e  r e f l e c t i v i t y  a s  a  
f u n c t i o n  of  wavelength,  t h e  s p e c t r a l  s e n s i t i v i t y  of  t h e  image t u b e ,  and t h e  
d i s t r i b u t i o n  of energy of  t h e  s o u r c e .  
Consider  f i r s t  t h e  l a t e r a l  v a r i a t i o n  a c r o s s  t h e  fo rmat ,  caused by t h e  e c h e l l e .  
T h i s  o v e r a l l  i n t e n s i t y  d i s t r i b u t i o n  resembles  t h a t  o f  a  s i n g l e  s l i t ,  and 
t h e o r e t i c a l l y  depends on t h e  wid th  of t h e  r u l i n g s .  The envelope w i l l  v a r y  a s  
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L 
s i n e  
, where p = 71a -X , 0 b e i n g  t h e  a n g l e  from t h e  c e n t e r  o f  t h e  fo rmat .  
To o b t a i n  a n  approximate  i d e a  o f  where t h e  h a l f  i n t e n s i t y  p o i n t s  l i e  l a t e r a l l y ,  
1 
s e t  - - 2 - 2' so  t h a t  and approx imate ly  p = 1.39, s i n p  = 0.984.  
p ,a a  Then - X s i n e  = 1.39, o r  - s i n e  = 0.442. S ince  t h e  a n g l e s  a r e  n o t  l a r g e ,  h a 
l e t  s i n @  = 8, and a s  a  r e s u l t  we have - 0 = 0.442. X 
a  
The i m p o r t a n t  f a c t o r  h e r e  i s  t h e  r a t i o  of  - where a  i s  t h e  wid th  o f  a  r u l i n g .  h ' It i s  a p p a r e n t  t h a t  con tours  of  c o n s t a n t  i n t e n s i t y  broaden o u t  w i t h  wavelength ,  
s o  t h a t  t h e y  f o l l o w  t h e  proposed fo rmat .  The a n g l e  9 h a s  a  maximum a t  3000A 
o f  approx imate ly  0.1, o r  20.05. Thus f o r  h a l f  i n t e n s i t y  a t  t h e  edge of t h e  
fo rmat  we may w r i t e  
a  a  
- 0  = - 0.05 = 0.442 micron h 0.3  
a = 0w442  O e 3  = 2.65 microns  0.05 
1 I f  t h e  r u l i n g  i s  narrower  t h a n  2 . 6 5 ~ 1 ,  t h e  7 i n t e n s i t y  p o i n t  w i l l  l i e  o u t s i d e  
t h e  fo rmat ,  and c o n v e r s e l y ,  i f  i t  i s  wider ,  i t  w i l l  l i e  i n s i d e .  It shou ld  
be  no ted  t h a t  t h e  4 i n t e n s i t y  p o i n t s  c o i n c i d e  w i t h  t h e  p o i n t s  where redundant  
s p e c t r a  appear ,  s o  t h a t  one would never  need t o  go p a s t  them t o  o b t a i n  s p e c t r a .  
G r a t i n g s ,  i n  a c t u a l  p r a c t i c e ,  a r e  c r i t i c a l l y  dependent on t h e  b l a z e  used ,  and 
t h i s  i s  a n  e m p i r i c a l  m a t t e r .  
D i s t r i b u t i o n  of i n t e n s i t y  due t o  t h e  concave g r a t i n g ,  i n  t h e  v e r t i c a l  format  
d i r e c t i o n ,  can be  t r e a t e d  i n  much t h e  same way. I f  a  g r a t i n g  i s  b l a z e d  f o r  
a  g iven  wavelength ,  t h e  d i s t r i b u t i o n  w i l l  t e n d  t o  be narrower  f o r  s h o r t e r  
wavelengths ,  and b r o a d e r  f o r  l o n g e r  ones ,  because  of  t h e  changg i n  t h e  r a t i o  
of  5. T h i s  v a l u e  ;or t h e  concave g r a t i n g  i s  abou t  0.05 a t  1000A, s o  i f  t h e  
b l a & e  was f o r  1400A, :he 5O0percent p o i n t s  f o r  s h o r t  wavelengths  would l i e  
around l O O O A  and 1800A. However, because  of t h e  d e c r e a s e d  v a l u e  ofo?, t h e  5 0 -  
p e r c e n t  p o i n t  f o r  t h e  long  wavelengths  would a c t u a l l y  l i e  n e a r  3000A. Thus 
a g a i n  t h e  i n t e n s i t y  d rops  o f f  t o  h a t  t h e  edges,  b u t  i n  t h i s  c a s e  t h e  c e n t e r  
i s  a t  1400A i n s t e a d  of a t  t h e  ce&er  of  t h e  format .  The extreme c o r n e r s  of  t h e  
format t h e n  w i l l  have i n t e n s i t i e s  rough ly  1 of t h e  maximum, which o c c u r s  
a t  t h e  c e n t e r  l i n e  o f  t h e  format  i n  t h e  reZion  of  1400A. Thus t h e  edges  n e a r  
1400A w i l l  have i n t e n s i t i e s  of 1 and t h e  maximum drop-of f  a l o n g  s h e  c e n t e r  
l i n e  i s  1. Assuming t h e  r e f l e c T ; v i t y  i s  roughly  c o n s t a n t  t o  1000A, t h e  i n t e n -  
s i t i e s  A11 b e  a s  shown i n  F i g u r e  B-8 . .  These w i l l  be ,  of  course ,  modi f i ed  
by t h e  image tube ,  which w i l l  d e c r e a s e  t h e  e f f e c t i v e  i n t e n s i t y  r a d i c a l l y  s h o r t  
o f  1300A. T h i s  w i l l  no t  occur  when a  pho tograph ic  d e t e c t o r  i s  used .  
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General  C o n s i d e r a t i o n s  
Although a v i d i c o n  r e a d o u t  has  a l r e a d y  been s e l e c t e d , i t  i s  i n s t r u c t i v e  t o  com- 
p a r e  t h e  v i d i c o n  t o  a  p h o t o m u l t i p l i e r  d e t e c t o r ,  because  t h e  power of t h e  e c h e l l e -  
t y p e  s p e c t r o g r a p h  i s  i l l u s t r a t e d .  Also,  t h e  u l t i m a t e  c a p a c i t y  o f  t h e  image 
t u b e  can b e  computed and then  t h e  p e r c e n t a g e  of t h e  a v a i l a b l e  c a p a c i t y  used  
by t h e  proposed r e a d o u t  t e c h n i q u e s  can be  computed. The word " e f f i c i e n c y "  
i s  used h e r e  t o  mean t h e  l e n g t h  of  t i m e  r e q u i r e d  t o  o b t a i n  a  spectrum. For  
s i m p l i c i t y ,  we w i l l  d e a l  i n  o r d e r s  of magni tude,  s i n c e ,  i f  two sys tems a r e  
w i t h i n  a n  o r d e r  o f  magnitude of  each o t h e r ,  a  more d e t a i l e d  c a l c u l a t i o n  
would b e  r e q u i r e d .  
I f  we assume a  40-mi l l ime te r  d iamete r  f o r  t h e  v i d i c o n  s u r f a c e  or, rough ly ,a  
30 x  30 m i l l i m e t e r  format which has  103 mm2 o f  a r e a ;  and,  i f  t h e  r e s o l u t i o n  
i s  10-'mm, t h e n  t h e r e  a r e  105 r e s o l u t i o n  e lements .  I f  t h e  c l o s e s t  s p a c i n g  of  
o r d e r s  o f  a n  e c h e l l e  s p e c t r o g r a p h  format i s  lmm, and t h e  s p a c i n g  doub les  a t  
t h e  low o r d e r  end o f  t h e  format,  20 s p e c t r a  can be  p l a c e d  on t h e  t u b e  f a c e ,  
o r  6  x  lo3 o f  t h e  105 (6  p e r c e n t )  e l ements  can b e  used,  n o t  coun t ing  t h e  
widening of t h e o s p e c t r a .  Thus f o r  a  2000A s e c t i o n  of  t h e  u l t r a v i o l e t  
spect rum a t  0.1A r e s o l u t i o n ,  we need 20,000 e lements  and t h r e e  o r  more f rames 
must be used.  I f  we d e s i g n  f o r  a  c o n s t a n t  r e s o l v i n g  power i n s t e a d  of c o n s t a n t  
r e s o l u t i o n ,  t h e n  10,000 r e s o l u t i o n  e lements  a r e  needed and a  th ree - f rame  
r e a d o u t  becomes r e a d i l y  f e a s i b l e .  
Assume t h a t  a v i d i c o n  i s  10-I  a s  e f f i c i e n t  a s  a  p h o t o m u l t i p l i e r  because  
of lower s e n s i t i v i t y .  (This  is  f a v o r a b l e  toward t h e  v i d i c o n ,  because  t h e  
a c t u a l  comparison might be  more l i k e  iom2.)  Assume a l s o  a  30-percent  
e f f i c i e n c y  a t  each r e f l e c t i n g  s u r f a c e .  A one-element s p e c t r o g r a p h  f o r  
10,000 s p e c t r a l  e l ements  u s i n g  a  p h o t o m u l t i p l i e r  m i  h t  b e  t a k e n  as our  
s t a n d a r d .  A two-element e c h e l l e  r e a d i n g  o u t  t h e  10E e lements  i n  one frame i s  
t h e n  10-1 x 0.3 t i m e s  as e f f i c i e n t  b u t  h a s  104 t imes  a s  many p a r a l l e l  r e a d o u t  e l e -  
ments,  s o  o v e r a l l  i t  i s  3 x low2 x  104 [=300J t imes  a s  e f f i c i e n t .  The 
e f f i c i e n c y  of  a  four-e lement  e c h e l l e  would b e  of t h e  same o r d e r  of magni tude 
a s  a  p h o t o m u l t i p l i e r  s p e c t r o m e t e r  u n l e s s  i t  was r e a d  o u t  i n  one exposure .  
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Thus ,  t h e  two-element. e c l l e l l e  l e a d s  o v e r  a l l  o t h e r  p o s s i b i l i t i e s  u s i n g  t h i s  
s i m p l e  c a s e ,  
Ano the r  f a c t o r  n o t  ~ l i s c u s s e d  a f f e c t i n g  r e l a t i v e  e f f e c i e n c y  i s  t h e  h e i g h t  
of  t h e  spec t rum.  T h i s  i s  i r r e l e v a n t  f o r  a  p h o t o m u l t i p l i e r  b u t ,  Tor example ,  
i f  a  s p e c t r a l  l i n e  i s  f o u r  s c a n  l i n e s  h i g h ,  t h e  e x p o s u r e / e l e m e n t  i s  r e d u c e d  
t o  114, w h i l e  t h e  maximum g a i n  i n  s i g n a l - t o - n o i s e  r a t i o  from f o u r  r e p e t i t i o n s  
s c a n s  i s  \r4. Thus,  t h e  s i g n a l - t o - n o i s e  r a t i o  i s  d ~  c r e a s e d  by \r2 or,  i n  
g e n e r a l ,  bl n  whe re  n  i s  t h e  number o f  s c a n  l i n e s  d e f i n i n g  t h e  s p e c t r a l  l i n e .  
It i s  a s sumed  t h a t  t h e  s p a t i a l  u n i f o r m i t y  o f  t h e  p h o t o c a t h o d e  c a n  b e  c a l i b r a t e d  
o r  n o n u n i f o r m i t i e s  n e g l e c t e d ,  and  t h a t  t h e  s i g n a l  i s  weak enough f o r  t h e  d e t e c t o r  
t o  o p e r a t e  i n  a  l i n e a r  manner ( n o t  s a t u r a t e d ) .  
Dur ing  a s t r o n a u t  p a r t i c i p a t i o n ,  f i l m  would b e  u s e d  w i t h  emphas i s  on  s h o r t e r  
w a v e l e n g t h s .  The r e f l e c t a n c e  o f  t h e  s u r f a c e s  i s  c h a n g i n g  r a p i d l y  i n  t h i s  
r e g i o n  and  compar i sons  depend on t h e  e x a c t  w a v e l e n g t h  c h o s e n .  F i l m ,  t hough  
i t  h a s  a  low quantum e f f i c i e n c y ,  can  b e  much l a r g e r  t h a n  a n  image t u b e  
f a c e p l a t e ,  s o  t h a t  a number o f  problems a r e  e l i m i n a t e d .  F u r t h e r ,  i t  h a s  
h i g h e r  r e s o l u t i o n  t h a n  a n  image t u b e .  Any o v e r a l l  compar i son  must  b e  c o n s i d e r e d  
o n l y  a s  a n  a p p r o x i m a t i o n ,  a l t h o u g h  i t  i s  c l e a r  t h a t  t h e  two-e lement  e c h e l l e  
r e t a i n s  i t s  a d v a n t a g e s .  A f i n a l  d e s i g n  would have  t o  c o n s i d e r  t h e s e  f a c t o r s  
a n d ,  f o r  example ,  some u s e  of a s t i g m a t i s m  c o u l d  be  made t o  even  o u t  t h e  i n t e n s i t y  
d i s t r i b u t i o n  a c r o s s  t h e  f o r m a t ,  s i m p l i f y i n g  e x p o s u r e  c o n t r o l .  
Ma tch ing  o f  Image Tube t o  S p e c t r o g r a p h  
Use o f  t h e  image t u b e  l e a d s  t o  a  number o f  problems which  must  b e  c o n s i d e r e d  
i n  t h e  f i n a l  s y s t e m  d e s i g n .  A s y s t e m  o p t i c a l  t r a n s f e r  f u n c t i o n  must  b e  
e s t a b l i s h e d  w i t h  p r o c e d u r e s  f o r  e v a l u a t i n g  i t .  F o r  t h e  s p e c t r o g r a p h ,  i t  i s  
p r o b a b l y  b e s t  t o  e s t a b l i s h  a  o n e - a x i s  ( p a r a l l e l  t o  d i s p e r s i o n )  monochromat ic  
t r a n s f e r  f u n c t i o n  f o r  e a c h  s t a r  image a s  a  f u n c t i o n  o f  p o s i t i o n  (and  wave- 
l eng th )  i n  t h e  f o c a l  p l a n e .  I f  computed by a  r a y - t r a c e  program i n c o r p o r a t i n g  t h e  
d i f f r a c t i o n  r e l a t i o n s ,  t h i s  y i e l d s  a  s e t  o f  t r a n s f e r  f u n c t i o n s  a s  a  f u n c t i o n  
o f  wave leng th .  T o g e t h e r  w i t h  t h e  m o d u l a t i o n  t r a n s f e r  f u n c t i o n  o f  t h e  image 
t u b e ,  i t  i s  t h e n  p o s s i b l e  t o  e s t a b l i s h  a  s y s t e m  m o d u l a t i o n  t r a n s f e r  f u n c t i o n .  
C a l c u l a t i o n  o f  t h e  s i g n a l  a s  a  f u n c t i o n  o f  w a v e l e n g t h  a n d  e s t a b l i s h i n g  t h e  
s c a t t e r e d  l i g h t  background  t h e n  w i l l  y i e l d  t h e  o u t p u t  s i g n a l - t o - n o i s e  r a t i o ,  
o r  r e s o l u t i o n ,  f o r  v a r i o u s  e x p o s u r e s  a n d  w a v e l e n g t h s .  
O the r  p a r a m e t e r s  o f  t h e  image t u b e  must  a l s o  b e  known. F o r  example ,  i t  i s  
e x p e c t e d  t h a t  t h e  r e s o l u t i o n  w i l l  d e c r e a s e  t oward  t h e  e d g e  of  i t s  f i e l d .  
T h i s  s t r o n g l y  a f f e c t s  t h e  problems o f  f o r m a t ,  a n d  h e n c e  t h e  o v e r a l l  o p t i c a l  
d e s i g n .  F u r t h e r ,  t h e  e x p o s u r e  l a t i t u d e  o f  t h e  image t u b e  must  b e  known, a s  
w e l l  a s  t h e  e f f e c t s  o f  o v e r e x p o s u r e  on r e s o l u t i o n .  Ano the r  c o n s i d e r a t i o n  
i s  t h e  f a c t  t h a t  t h e  p h o t o c a t h o d e  g i v e s  o f f  r e f l e c t i o n s  wh ich  h a v e  e f f e c t s  on 
s c a t t e r e d  l i g h t  i n  t h e  sys t em.  Image t u b e s ,  a s  w e l l  a s  o t h e r  t u b e s  such  
a s  image o r t h i c o n s ,  t e n d  t o  have  s p e c i a l  o p e r a t i n g  p rob lems  which  c a n  o n l y  
b e  d i s c o v e r e d  b y  a c t u a l l y  u s i n g  t h e  d e v i c e ,  and  t h e  e x i s t e n c e  o f  t h e s e  must  
be  uncove red .  
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APPENDIX C - USE OF VIDICONS I N  ASTRONOMY 
STELLAR PHOTOGRAPHY WITH THE V I D I C O N  
The use  o f  an image t u b e  f o r  p o i n t  sources  i s  e s s e n t i a l l y  d i f f e r e n t  from t h e  
use  w i t h  extended s o u r c e s .  The e x t e n t  t o  which i t  d i f f e r s  depends on a  number 
o f  f a c t o r s ,  and t h e s e  must be  cons idered  s e p a r a t e l y  from t h o s e  f o r  imaging- 
extended o b j e c t s ,  
S e v e r a l  c a s e s  occur  which we must c o n s i d e r ,  These a r e  b a s i c a l l y :  1 )  when t h e  
image t u b e  i s  be ing  used t o  reach  t h e  f a i n t e s t  l i m i t i n g  magnitude, 2 )  when i t  
i s  b e i n g  used t o  r e s o l v e  c l o s e  po in t  s o u r c e s  and, 3 )  when i t  i s  be ing  used f o r  
photometry,  C h a r a c t e r i s t i c s  of t h e  image t u b e  o t h e r  t h a n  t h e  s i n e  wave response  
e n t e r  h e r e  and need t o  be s p e c i f i e d ,  From t h e  s t a n d p o i n t  o f  t h i s  d i s c u s s i o n ,  
we a r e  n o t  i n t e r e s t e d  i n  t h e  d e t a i l s  of t h e s e  p r o c e s s e s  but  on ly  i n  how t h e y  
r e f l e c t  back on t h e  o p t i c a l  s p e c i f i c a t i o n s .  
F i r s t ,  c o n s i d e r  t h e  o u t p u t  f o r  a  p o i n t  image. Image growth i s  a  w e l l -  
known phenomenon and, a l though  p h y s i c a l l y  d i f f e r e n t  from image growth i n  
a  pho tograph ic  p l a t e ,  i t  resembles i t .  Thus, o v e r  some range,  we may a p p r o x i -  
mate t h e  image d iamete r  w i t h  a n  e x p r e s s i o n  of t h e  form: 
d  = a  + b  l o g  (exposure) 
O r ,  two s t a r s  of d i f f e r i n g  magnitudes,  Am, w i l l  have d iamete r s  
d l  - d2 = 0.4  b  Am 
and t h e  c o n s t a n t  b  i s  known a s  t h e  astrog of  t h e  d e t e c t o r .  
F u r t h e r ,  f o r  a  pho tograph ic  p l a t e ,  and s i m i l a r l y  f o r  an  image tube ,  we know t h a t  
f o r  a  g iven p r o b a b i l i t y  o f  d e t e c t i o ~ t h e  d e n s i t y  d i f f e r e n c e  between t h e  back- 
ground and  t h e  s t a r  m u l t i p l i e d  by t h e  s t a r ' s  d iamete r  i s  e q u a l  t o  a c o n s t a n t  
which i s  p r o p o r t i o n a l  t o  t h e  g r a n u l a r i t y ,  o r  n o i s e .  Densi ty  i s ,  of course ,  
analogous t o  s i g n a l .  I f  we i n c r e a s e  t h e  d iamete r  by a  f a c t o r  of 2 ,  however, 
we d e c r e a s e  t h e  s i g n a l  by a  f a c t o r  of 4, s i n c e  t h e  a r e a  i n c r e a s e s  a s  t h e  
s q u a r e  of t h e  d iamete r .  Thus , inc reas ing  t h e  d iamete r  of a  s t a r  image d e c r e a s e s  
t h e  d e t e c t a b i l i t y  o f  f a i n t  s t a r s ,  o r ,  t o  s a y  t h e  same t h i n g  i n  a n o t h e r  way, 
d e c r e a s e s  t h e  l i m i t i n g  magnitude.  Thus, an  i n c r e a s e  i n  d iamete r  by a  f a c t o r  
of 2.512 results i n  a loss of  1 magnitude i n  t h e  l i m i t i n g  magnitude 
f o r  a  g iven exposure ,  Obviously then ,  t h e  most e f f i c i e n t  system has  some 
minimum image s i z e ,  and,  assuming t h a t  t h e  l i m i t i n g  magnitude i s  set by t h e  
sky background, any image d iamete r  l a r g e r  t h a n  t h i s  w i l l  r e s u l t  i n  a  l o s s  
i n  s i g n a l  ampl i tude,  d e t e c t a b i l i t y ,  and l i m i t i n g  magnitude.  
Before  s t a t i n g  t h a t  a  c e r t a i n  maximum d iamete r  o f  t h e  image must be used,  
some of t h e  o t h e r  f a c t o r s  must be considered.  I n c r e a s i n g  t h e  image d iamete r  
w i l l  d e c r e a s e  t h e  astrogamma, s o  t h a t  images w i l l  n o t  grow a s  r a p i d l y  w i t h  
d e c r e a s i n g  map@%tudes, F u r t h e r ,  it w i l l  i n c r e a s e  t h e  range over  which t h e  
s i g n a l  ampl i tude  w i l l  vary,  s o  t h a t  t h e  normal gamma may be  used i n s t e a d  
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o f  t h e  astrogamma. There  i s  no obvious advantage i n  photometr ic  work, b u t  
t h e r e  might be  some advan tage  i n  r e s o l v i n g  f a i n t  o b j e c t s  n e a r  b r i g h t  ones .  
Suppose t h a t  t h e  d i f f r a c t i o n  l i m i t  ( a n g u l a r  r e s o l u t i o n )  is  kep t  f i x e d  and 
t h a t  t h i s  s e t s  image s i z e .  I n c r e a s i n g  t h e  f o c a l  l e n g t h  by a  f a c t o r  r ,  
f 2  =2rf9  
i n c r e a s e s  t h e  d iamete r  of a  s t a r  by a  f a c t o r  r ,  d e c r e a s e s  t h e  s i g n a l  
by r , and i n c r e a s e s  t h e  s e p a r a t i o n  of two s t a r s  by a  f a c t o r  r .  I n  e i t h e r  case ,  
t o  a  rough approximat ion,  each s t a r  w i l l  cover  t h e  same number of r e s o l u t i o n  
e lements ,  s i n c e  w i t h i n  l i m i t s  t h e  a r e a  i s  s e t  by t h e  a b i l i t y  t o  d i s c h a r g e  t h e  
image t u b e  t a r g e t  w i t h  t h e  s c a n n i n g  beam. Thus, t h e r e  w i l l  be  l i t t l e  a p p a r e n t  
d i f f e r e n c e  i n  s i z e  i n  t h e  two c a s e s ,  b u t  t h e r e  w i l l  be a n  i n c r e a s e  i n  p l a t e  
s c a l e ,  e n a b l i n g  one t o  d e t e c t  c l o s e r  o b j e c t s .  
From t h e  s t a n d p o i n t  o f  p o i n t  images, t h e r e f o r e ,  t h e r e  i s  a  t r a d e o f f  between 
t h e  a b i l i t y  t o  r e s o l v e  c l o s e r  o b j e c t s  and t h e  d e t e c t a b i l i t y  and l i m i t i n g  
magnitudes.  I f  t h e  image t u b e  i s  assumed t o  have 50-percen t  r esponse  a t  10 
c y c l e s  pe r  m i l l i m e t e r ,  t h e n  t h e  optimum match f o r  s e n s i t i v i t y ( a s s u m i n g  no ga in  
i n  s e n s i t i v i t y  a s  t h e  image s i z e  f a l l s  below a  r e s o l u t i o n  e lement ,  a s  i s  
probably  t h e  c a s e  a t  t h i s  r e s o l u t i o n )  would be t o  p l a c e  t h e  s tar  w i t h i n  1 
r e s o l u t i o n  element,  o r  0.05 m i l l i m e t e r .  Most of t h e  energy i n  t h e  f / 1 0  
f o c a l  p l a n e  of t h e  pr imary t e l e s c o p e  w i l l  be  w i t h i n  5 microns ,  s o  a  m a g n i f i c a t i o n  
of 10, £ / l o o ,  would y i e l d  a  match w i t h  t h e  tube .  The p r e s e n t  cho ice  of f / 2 0 0  
w i l l  s l i g h t l y  d e c r e a s e  t h e  l i m i t i n g  magnitude and d e t e c t a b i l i t y  o f  p o i n t  images 
and s l i g h t l y  i n c r e a s e  t h e  a b i l i t y  t o  r e s o l v e  c l o s e r  p a i r s .  It i s  i n t e r e s t i n g  
t o  n o t e  t h a t  i t  would be p o s s i b l e  t o  modify t h i s  s i t u a t i o n  somewhat by changing 
t h e  number of scan  l i n e s ,  depending on t h e  aim of t h e  s p e c i f i c  exper iment .  
From t h e  s t a n d p o i n t  of p o i n t  s o u r c e s  then ,  it i s  a p p a r e n t  t h a t  t h e  c o n t r o l l i n g  
f a c t o r s  r e f l e c t i n g  back on t h e  o p t i c a l  sys tem a r e  energy c o n c e n t r a t i o n  and 
c o n t r a s t .  These t h e n  must be i n c l u d e d  i n  t h e  o p t i c a l  s p e c i f i c a t i o n .  A 
number o f  o t h e r  c o n s i d e r a t i o n s  a r e  a p p a r e n t ,  though, and i n f o r m a t i o n  abou t  
t h e  s p e c i f i c  o p e r a t i o n  o f  t h e  image t u b e  i s  r e q u i r e d  f o r  a  f i n a l  a n a l y s i s .  
A number o f  requ i rements  f o r  d a t a  have a r i s e n  i n  t h i s  d i s c u s s i o n ,  i n  a d d i t i o n  
t o  s i n e  wave response ,  t h a t  a r e  impor tan t .  
For a  t e l e v i s i o n  system, t h e  system c a p a b i l i t y  i s  s t r o n g l y  a f f e c t e d  by 
c o n t r a s t ,  and h i g h  f requency  d e t a i l  i s  f r e q u e n t l y  l o s t  i n  t h e  n o i s e .  
Thus , the  b e s t  performance of t h e  system o c c u r s  when c o n t r a s t  l o s s e s  a r e  k e p t  
t o  a  minimum. It h a s  been proposed t h a t  t h e  a r e a  under t h e  a c t u a l  modulat ion 
t r a n s f e r  f u n c t i o n  curve  be kep t  w i t h i n  a  c e r t a i n  pe rcen tage  of t h e  a r e a  f o r  
t h e  t h e o r e t i c a l  case .  The e f f e c t s  of c o n t r a s t  l o s s e s  and system photometry 
sugges t  t h a t  t h i s  c o n s t r a i n t  should  be t i g h t e r  a t  low f r e q u e n c i e s  t h a n  a t  h i g h ;  
l o s s e s  of energy  t h a t  s c a t t e r  energy t o  nearby p o i n t s  reduce t h e  modulat ion 
i n  t h e s e  a r e a s ,  caus ing  a l o s s  of r e s o l u t i o n  t h a t  cannot  be compensated f a r  
by a  long t a i l  on t h e  modulat ion t r a n s f e r  f u n c t i o n .  From t h i s  s t a n d p o i n t ,  
i t  might be commented t h a t  t e l e s c o p e  b a f f l i n g  t o  reduce s t r a y  l i g h t  can be  a s  
impor tan t  i n  t h e  f i n a l  o p e r a t i o n  a s  t h e  o p t i c a l  t o l e r a n c e s .  
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o p t i c a l  power i s  u n i t y .  T h i s  advan tage  i s  u t i l i z e d  i n  t h e  p r e s e n t  d e s i g n  
w i t h  t h e  e x c e p t i o n  t h a t  t h e  f i e l d - c o r r e c t i n g  e lements  a r e  assumed t o  be p a r t  
of  t h e  image-moving system t h u s  y i e l d i n g  equa l  f-numbers f o r  t h e  u n c o r r e c t e d  
on-axis  image beam and t h e  gu ide  s t a r  beams emerging from t h e  image movers.  
SOME CONSIDERATIONS I N  THE USE OF A TV CAMERA AS THE DETECTOR I N  AN ASTRONOMICAL 
TELESCOPE 
The p roper  matching t e l e s c o p e  o p t i c a l  t r a n s f e r  f u n c t i o n  t o  a  g iven  t y p e  of  
d e t e c t o r  h a s  become r e l a t i v e l y  r o u t i n e  i n  t h e  p a s t  s e v e r a l  p a r t i c u l a r l y  
i n  t h e  c a s e  where pho tograph ic  f i l m  i s  t h e  d e t e c t o r  and t h e  o b j e c t i v e s  o f  
t h e  e x p e r i m e n t e r  can b e  s p e c i f i e d  i n  terms o f  a  number ( e . g . ,  a  l i m i t i n g  
r e s o l u t i o n  i n  s o  many l i n e s  pe r  m i l l i m e t e r  i n  t h e  f o c a l  p l a n e ) .  However, 
even i n  t h e  c a s e  of  f i l m  when t h e  s p e c t r a l  coverage i s  ex tended  i n t o  t h e  vacuum 
u l t r a v i o l e t  region? i n s u f f i c i e n t  d a t a  i s  a v a i l a b l e  concern ing  t h e  t r a n s f e r  
f u n c t i o n  o f  u l t r a v i o l e t  f i l m s  t o  complete t h e  match ing  of  d e t e c t o r  t o  o p t i c s  
a s  d e s c r i b e d  i n  t h e  f i r s t  r e f e r e n c e .  Even l e s s  d a t a  of  t h i s  n a t u r e  i s  
a v a i l a b l e  f o r  t h e  SEC v i d i c o n .  However, r e a s o n a b l e  approx imat ions  can b e  
made on t h e  b a s i s  of e x i s t i n g  image o r i t h i c o n s .  The d i s c u s s i o n  which f o l l o w s  
e x p l o r e s  t h e  match ing  of t h e  SEC v i d i c o n  t o  t h e  APS t e l e s c o p e  a t  two p o s s i b l e  
f o c a l  r a t i o s ;  £1200 and £ / l o o .  I n  p a r t i c u l a r ,  t h e  e f f e c t  on s i g n a l - t o -  
n o i s e  r a t i o s  i n  t h e  v i d e o  s i g n a l  of  v a r i o u s  image i n t e n s i t i e s  and exposure  
t imes  i s  exp lo red  f o r  t h e  two f o c a l  r a t i o s  ( £ / l o 0  and f / 2 0 0 ) ,  i n  t h i s  d i s -  
c u s s i o n .  
Vid icon  Response 
It seems r e a s o n a b l e  t o  assume t h a t  SEC v i d i c o n s  w i l l  be  a v a i l a b l e  w i t h  50- 
p e r c e n t  r e sponse  a t  10 c y c l e s  pe r  m i l l i m e t e r .  T h i s  i s  i n  l i n e  w i t h  t h e  
o p e r a t i o n  of a  number of o t h e r  t y p e s  of  t u b e s .  For example, a  s t a n d a r d  
5820-image o r t h i c o n  d i s p l a y s  50-percen t  r e sponse  a t  abou t  5 . 5  c y c l e s ,  a  h i g h  
s e n s i t i v i t y  MgO t a r g e t  image o r t h i c o n  h a s  50 p e r c e n t  a t  abou t  12 c y c l e s ,  and 
v i d i c o n s  go a s  h i g h  a s  20 c y c l e s  a t  50-percent  r e sponse .  Comparing t h e  
t r a n s f e r  c h a r a c t e r i s t i c s  f o r  a n  SEC v i d i c o n  w i t h  t h a t  f ~ r ~ d i f f r a c t i o n - l i m i t e d  
o p t i c s  o p e r a t i n g  a t  £1200 shows n e g l i g i b l e  l o s s e s  a t  5000A, w h i l e  a t  2000A, 
a l t h o u g h  t h e  l o s s e s  a r e  g r e a t e r ,  t h e r e  i s  a n  i n c r e a s e  i n  l i m i t i n g  s p a t i a l  
f r equency .  Hence t h e  primary l i m i t  on r e s o l u t i o n  i s  i n  t h e  o p t i c s ,  n o t  i n  t h e  
d e t e c t o r ,  a t  £1200. 
However, t h e  a c t u a l  l i m i t i n g  r e s o l u t i o n  of t h e  d e t e c t o r  i s  s e t  by t h e  
s i g n a l - t o - n o i s e  r a t i o  and t h e  p o i n t  o f  i n t e r s e c t i o n  o f  t h e  d e t e c t i v i t y  
curve  w i t h  t h e  t r a n s f e r  c h a r a c t e r i s t i c .  Without b e t t e r  d a t a  on t h e  response  
* 
S c o t t ,  R . ,  e t . a l . :  The P r a c t i c a l  A p p l i c a t i o n s  of  Modulat ion T r a n s f e r  F u n c t i o n s .  
Perkin-Elmer Symposium, March 6, 1963. 
*% S t e i n e r ,  L . B . :  S tudy of Far  U l t r a v i o l e t  Recording Media f o r  Space A p p l i c a t i o n s ,  
Perkin-Elmer Repor t  No. 8440, J u l y  15, 1966. 
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o f  t h e  SEC v i d i c o n ,  a c t u a l  pho tomet r i c  e v a l u a t i o n s  a r e  d i f f i c u l t ,  However, 
by p i c k i n g  h i g h  s i g n a l  and low s i g n a l  c a s e s ,  i t  i s  p o s s i b l e  t o  compare 
f / 1 0 0  and £1200 sys tems.  (See F i g u r e s  C - 1  and C-2 ), I n  t h i s  h i g h  s i g n a l  
r e q u i r e n ~ e n t ,  t h e  f / 2 0 0  o p e r a t i o n  i s  d e f i n i t e l a 5  p r e f e r a b l e  t o  t h e  £ / l o 0  o p e r a t i o n ,  
a l t h o u g h  t h e r e  i s  no t  much d i f f e r e n c e  a t  5000ho I n  t h e  low s i g n a l  c a s e ,  i t  
makes no d i f f e r e n c e  whether  a n  f1100 o r  an £1200 sys tem i s  used; and, i n  t h e  
v e r y  low s i g n a l  case ,  a n  f1100 sys tem would beg in  t o  b e  s u p e r i o r .  
Whether o r  no t  one i s  i n  a  s t r o n g  s i g n a l  s i t u a t i o n  depends on tube  s e n s i -  
t i v i t y .  Assume, a s  i s  c la imed  i n  some papers ,  t h a t  t h e  SEC v i d i c o n  i s  a s  
s e n s i t i v e  a s  a  5820-image o r t h i c o n .  T h i s  r e q u i r e s  a  h i g h l i g h t  i l l u m i n a t i o n  
of t o  10 '~  f o o t - c a n d l e  f o r  f u l l  exposure ,  and t h e  t ime  c o n s t a n t  i n v o l v e d  
i s  abou t  0.06 second, s o  t h a t  on t h e  o r d e r  of  between 6 x  10-4 t o  6 x 10'5 
foot-candle-second i s  r e q u i r e d .  T y p i c a l l y ,  one might expec t  t h e  s u r f a c e  b r i g h t -  
n e s s  o f  a  n e b u l o s i t y  ( n e g l e c t i n g  any nuc leus  i f  one e x i s t e d )  t o  be  of  t h e  
o r d e r  of l om3  t o  10'4 f o o t - l a m b e r t ,  s o  w i t h  an £1200 system, t h e  photocathode 
i l l u m i n a t i o n  i s  of t h e  o r d e r  of  los8 t o  l o m 9  f o o t - c a n d l e ,  n e g l e c t i n g  l o s s e s ,  
One hundred minute exposures  t h e n  would y i e l d  exposures  on t h e  o r d e r  of 6 x  
10-5 t o  6 x  foot-candle-second.  T h i s  i s  c l o s e  t o  minimum r e q u i r e d  f o r  
f u l l  exposure ,  b u t ,  i f  f i l t e r i n g  i s  used,  t h e  exposure  d rops .  We niay conc lude  
t h a t  we w i l l  b e  i n  e i t h e r  a  moderate o r  aweak  s i g n a l  regime. 
S ince  low c o n t r a s t  t a r g e t s  w i l l  be  common, t h e  low c o n t r a s t  behav io r  of t h e  
d e t e c t o r  needs t o  b e  examined, Th i s  u s u a l l y  f o l l o w s  approx imate ly  a  modula t ion  
f o r  t h r e s h o l d  d e t e c t i o n  curves  s i m i l a r  t o  one f o r  f i l m .  Not hav ing  d a t a  on 
t h e  SEC v i d i c o n ,  t h e  r e s p o n s e  of  a  h i g h  r e s o l u t i o n  MgO t a r g e t  t u b e  was c a l -  
c u l a t e d  from p u b l i s h e d  d a t a .  F i g u r e  C-3 shows t h e  f requency  f o r  10-percen t  
modula t ion and t h e  maximum f requency  ( i n  t h i s  case ,  p l o t t e d  i n  c y c l e s  p e r  
25 mm i n s t e a d  of  cycles/mm). The s h i f t  i n  t h e  bax curve  i s  due t o  i t s  
approach ing  t h e  i n h e r e n t  t u b e  r e s o l u t i o n ,  Note t h a t  Kf ,  t h e  f requency  f o r  
10-percent  modula t ion,  as w e l l  a s  GaX, s h i f t  w i t h  i l l u m i n a t i o n .  A t  h i g h e r  
l i g h t  l e v e l s  and wider  bandwidths ,  t h e  r e s o l u t i o n  i n c r e a s e s  a p p r e c i a b l y  
above t h a t  given.  Note t h a t  a t  l e s s  t h a n  10-4 f o o t - c a n d l e  ( a t  30 f rames/  
second) Kf becomes e q u i v a l e n t  t o  8  c y c l e s  pe r  m i l l i m e t e r ,  From t h e  
modula t ion o f  t h r e s h o l d  d e t e c t i o n  curves ,  t h i s  i s  a  r e a s o n a b l e  range  of 
o p e r a t i o n ,  (Note t h a t  t h e  SEC v i d i c o n  would have t o  be  o p e r a t e d  i n  w e l l  o v e r  
t h e  maximum i l l u m i n a t i o n  o f  1 /30  s  w i t h  10'4 f o o t - c a n d l e ,  however.) 
We may conclude t h a t  a t  £1200 i t  i s  p o s s i b l e  t o  u t i l i z e  t h e  d i f f r a c t i o n -  
l i m i t e d  o p e r a t i o n  of  t h e  t e l e s c o p e ,  b u t  t h a t  a  c l o s e r  examinat ion must b e  made 
t o  e s t a b l i s h ,  w i t h o u t  a  doubt ,  t h a t  exposure  w i l l  b e  adequa te  f o r  low-  
c o n t r a s t  performance,  
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Diffraction 
Limited 
System 
Limited 
Detection 
Threshold 
Curves 
f /200 e 
Hi Signal 8.5 /mm @ 5000A 
15 /nun @ 2000~ 
signal 5,5 /nun 4 ~ O O O ~  
7,5 /nun @ 2000A 
Note that Lo Signal resolution is the same as 
for &/I00 System, so for detail outside of 
hilight areas (dim or Low Contrast) the £/I00 I ----- v-- System could be superior 
Figure C-1. f/200 Frequency Response 
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D i f f r a c t  i o n  
Same a s  F igure  Dl except  
Modified f o r  £ / lo0  and 
S igna l  Level  Changed 
H i  S igna l  15 /nun, @5000& 
18 /nun, 2 @2000A 
The second frequency i s  d iv ided  by 
2 t o  make it d i r e c t l y  compatible  t o  
t h e  previous f i g u r e  i n  terms of spa- 
t i a l  frequency response, because of 
t h e  change i n  f o c a l  l eng th  
Cycle /mm 
Figu re  C-2.  £ / l o 0  Frequency Response 
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Figu re  C-3. Low Con t r a s t  Behavior K f a t  10 Pe rcen t  Modulation 
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APPENDIX D - CURRENT PROBLEMS I N  INFRARED ASTRONOMY 
INTERSTELLAR LINE ABSORPTION AND EMISSION BY IONS AND MOLECULES 
Q u i t e  r e c e n t l y ,  ammonia, wa te r  vapor ,  and formaldehyde have been d e t e c t e d  a s  
i n t e r s t e l l a r  a b s o r p t i o n  l i n e s  a t  microwave f r e q u e n c i e s  u s i n g  r a d i o  astronomy 
techn iques . "  T h i s  s u g g e s t s  t h e  p o s s i b i l i t y  of  f o r m a t i o n  of a  v a r i e t y  o f  
molecu les  i n  i n t e r s t e l l a r  space .  The g r e a t e s t  number o f  molecu la r  l i n e s  
o c c u r s  i n  t h e  i n f r a r e d  r e g i o n  (due t o  v i b r a t i o n - r o t a t i o n  t r a n s i t i o n s )  s o  
t h a t  a  s e a r c h  f o r  i n t e r s t e l l a r  molecules  would p robab ly  be  most f r u i t f u l  
i n  t h e  i n f r a r e d .  (No c o m p i l a t i o n  o f  p o s s i b l y  d e t e c t a b l e  i n f r a r e d  m o l e c u l a r  
t r a n s i t i o n s  between 1 and 1000 microns h a s  been found, and such a  l i s t  
would b e  d e s i r a b l e  f o r  a  f u t u r e  s t u d y . )  
A v a r i e t y  of i o n s  may e x i s t  i n  H 11 r e g i o n s  and it h a s  been sugges ted  t h a t  
an  i m p o r t a n t  c o o l i n g  mechanism f o r  H 11 r e g i o n s  may be  i n f r a r e d  l i n e  
d..L 
emiss ion .  ^ "  ~ o u l d ?  g ives  t h e  f o l l o w i n g  c o m p i l a t i o n  of l i n e s  which are most 
l i k e l y  t o  b e  o b s e r v e d :  
I O N  
-
WAVELENGTH (Microns) 
' E d i t o r i a l  S t a f f :  Sky and Telescope.  Vol. 37, March 1969, p. 150. 
E d i t o r i a l  S t a f f :  Sky and Telescope.  Vol. 37, May 1969, p. 271. 
* 
Burbidge,  G.R., Gould, R. J., and P o t t a s c h ,  S.R. : A s t r o p h y s i c s  J o u r n a l .  Vol 
1963, p. 945. 
t Gould, R. J. : Ast rophys ics  J o u r n a l .  Vol. 138, 1963, p. 1308. 
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I n  a d d i t i o n ,  m o l e c u l a r  hydrogen h a s  a l i n e  a t  2811. T h i s  would be  of g r e a t  
cosmolog ica l  i n t e r e s t  s i n c e  t h e  on ly  l i n e s  of H2 a r e  i n  t h e  u l t r a v i o l e t  
>'i 
and i n f r a r e d  r e g i o n s ,  s o  i t  i s  n o t  known w i t h  any c e r t a i n t y  how much 
m o l e c u l a r  hydrogen t h e r e  i s  i n  t h e  u n i v e r s e o  
PLANETARY STUDIES 
It h a s  been e s t a b l i s h e d  t h a t  J u p i t e r  and S a t u r n  i n t e r n a l l y  g e n e r a t e  more 
energy t h a n  t h e y  r e ~ e i v f i ~ ~ f r o r n  t h e sun.  r h i s  w a s  found from v e r y  'broadband 
bo lomete r  measurements.  Considerably  more d a t a  i s  needed t o  u n d e r s t a n d  
t h e  mechanism f o r  t h i s .  The n e x t  s t e p  would b e  narrower  band measurements 
th roughout  t h e  i n f r a r e d  r e g i o n  which a r e  d i f f i c u l t  below t h e  a tmosphere  
because  of s i g n a l - t o - n o i s e  problems. Very l i t t l e  can be  done on t h e  o u t e r  
p l a n e t s  Uranus, Neptune, and P l u t o ,  below t h e  a tmosphere  because  t h e y  a r e  
s o  co ld  and l o s t  i n  t h e  n o i s e  of  t h e  e a r t h ' s  t h e r m a l  r a d i a t i o n .  Observa- 
t i o n s  o f  Venus and Mars a r e  b a r e l y  p o s s i b l e  from b a l l o o n  a l t i t u d e s t b u t  a r e  s t i l l  
hampered by a tmosphpf ic  emiss ion ,  a b s o r p t i o n ,  and con tamina t ion  from 
b a l l o o n  o u t g a s s i n g .  
A c o n t i n u e d  program o f  s p a c e  probes  o f  t h e s e  p l a n e t s  may r e n d e r  s a t e l l i t e  
o b s e r v a t i o n s  s u p e r f l u o u s .  
THERMAL EMISSION BY GAS CLOUDS (PROTOSTARS) AND HEATED INTERSTEZLAR GRAINS 
A blackbody a t  1 0 0 ~ ~  h a s  i t s  peak emiss ion  a t  3 0 ~ .  Some p r o t o s t a r s  have 
been d e t e c t e d  a t  n e a r - i n f r a r e d  wavelengths ,  b u t  t h e s e  would n e c e s s a r i l y  
be  r e l a t i v e l y  warm c louds  o r  l a r g e  c o o l e r  ones.  A b i l i t y  t o  o b s e r v e  w i t h o u t  
a b s o r p t i o n  between 5p. and 5 0 0 ~  would probably  add c o n s i d e r a b l y  t o  i n f o r m a t i o n  
on t h e  e a r l y  e v o l u t i o n a r y  s t a g e s  of  s t a r s  by a l l o w i n g  u s  t o  s e e  s t a r s  i n  
t h e i r  b e g i n n i n g  s t a g e s .  
I n t e r s t e l l a r  d u s t  which i s  n o t  n e a r  a  p a r t i c u l a r  s t a r  would have t e m p e r a t u r e s  
on t h e  o r d e r  of  7 - 2 0 ' ~  and would app a r  a s  a  d i f f u s e  s o u r c e  w i t h  peak 
emiss ion  i n  t h e  f a r  i n f r a r e d  reg ion .$  Observa t ion  o f  such a  s o u r c e  i s  i m -  
p o s s i b l e  below t h e  a tmosphere  where t h e  o n l y  method o f  s t u d y i n g  i n t e r s t e l l a r  
d u s t  i s  by o b s e r v i n g  i t s  e x t i n c t i o n  and redden ing  i n  t h e  v i s i b l e  and n e a r  
i n f r a r e d  reg ion .  
.L 
D i e t e r ,  N.HeJ and GOSS, W.M.: Review of Modern P h y s i c s .  Vol. 38, p. 260. 
we 
Aumann, H.H. ,  G i l l e s p i e ,  C.M., and Low, F . J . :  A s t r o p h y s i c s  J o u r n a l  
L e t t e r s .  Vol. 157, 1969, p. L69. 
' s t rong,  J. : Appl ied O p t i c s .  Vol. 6, 1967, p. 179. 
' i- Zander,  Re, and Bottema, M . :  J o u r n a l  o f  Geophysical  Research.  Vol. 72, 
1967, p. 574g0 
' H a r w i t ,  M . ,  Houck, J o R . ,  and Fuhrmann, K.: Appl ied  O p t i c s .  Vol.  8,  1969, 
p. 473, 
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INFRARED STARS 
There  a r e  s t a r s  which have evolved enough t o  no l o n g e r  be  c o n s i d e r e d  condens- 
i n g  gas  c louds  b u t  which r a d i a t e  most of  t h e i r  energy i n  t h e  i n f r a r e d  r e g i o n .  
Th i s  happens because  they  a r e  e i t h e r  s t i l l  r e l a t i v e l y  coo l  s t a r s ,  o r  h o t t e r  
s t a r s  w i t h  d u s t  c louds  around them t h a t  r a d i a t e  s t r o n g l y  i n  t h e  i n f r a r e d  
r e g i o n .  Many of t h e s e  have been found i n  t h e  p a s t  few y e a r s ,  b u t  t h e r e  i s  
c o n s i d e r a b l e  room f o r  f u r t h e r  s u r v e y  work and d e t a i l e d  s p e c t r a l  s t u d i e s  o f  
>t i n d i v i d u a l  s t a r s .  
COSMIC BLACKBODY BACKGROUND 
The i s o t o p i c  background r a d i a t i o n  of P e n z i a s  and Wilson"' which h a s  t h e  
appearance  of  a  blackbody a t  ~ O K  would have i t s  peak emiss ion  i n  t h e  f a r  
i n f r a r e d  and s h o r t  microwave r e g i o n  2mm. Though t h e  most popu la r  exp lana-  
t i o n  i s  t h a t  i t  i s  l e f t  over  from t h e  p r i m o r d i a l  f i r e b a l l ,  t h e  d a t a  i s  n o t  
s u f f i c i e n t  t o  p r e c l u d e  o t h e r  e x p l a n a t i o n s .  For  example, Wolfe and Burbidge t 
m a i n t a i n  t h a t  o b s e r v a t i o n s  a t  3 5 0 ~ ~  a r e  n e c e s s a r y  t o  r u l e  on t h e  p o s s i b i l i t y  
t h a t  t h e  r a d i a t i o n  a r i s e s  from many s m a l l  d i s c r e t e  s o u r c e s ,  It i s  p o s s i b l e  
t h e r e  a r e  o t h e r  e x p l a n a t i o n s  a s  w e l l ,  and d a t a  i n  t h e  f a r  i n f r a r e d  r e g i o n  
would p rov ide  a  much b e t t e r  u n d e r s t a n d i n g  o f  t h e  r a d i a t i o n .  
RADIATION FROM OUR GALAXY AND OTHER NORMAL AND PROTOGALAXIES 
Observa t ions  o f  t h e  c e n t e r  of  o u r  ga laxy  i n  t h e  f a r  i n f r a r e d  r e g i o n  from 
a  b a l l o o n  r e v e a l  a n  i n £  r a r e d  "excess"  p o s s i b l y  a t t r i b u t a b l e  t o  h e a t e d  
d u s t  c l o u d s o t t  F u r t h e r  o b s e r v a t i o n s  a r e  n e c e s s a r y  i n  a l l  o f  t h e  i n f r a r e d  
spect rum.  The s i g n a l  t o  n o i s e  i n  t h i s  work w a s  o n l y  2 o r  3  t o  1, and t h i s  
would be  g r e a t l y  improved by s a t e l l i t e  o b s e r v a t i o n s .  P r o t o g a l a x i e s  may be  
b a r e l y  v i s i b l e  i n  ground-based o b s e r v a t i o n s  a s  a n  i n t e g r a t e d  background, * 
b u t  chances  of d e t e c t i n g  t h i s  r a d i a t i o n  would be  g r e a t l y  i n c r e a s e d  above t h e  
a tmosphere ,  I n f o r m a t i o n  on p r o t o g a l a x i e s  would add much t o  o u r  u n d e r s t a n d i n g  
of t h e  e v o l u t i o n  of  t h e  u n i v e r s e .  
J. 
Johnson,  H.L; Sc ience .  Vol. 157, 1967, p. 635, 
J* 
P e n z i a s ,  A . A . ,  and Wilson, R . W o :  A s t r o p h y s i c s  J o u r n a l .  Vol. 142, 1965 
p. 419. 
tWolfe, A.M.,  and Burbidge,  G.R. : A s t r o p h y s i c s  J o u r n a l .  Vol. 156, 1969, p. 
345. 
T t  Hoffmann, W.F., and F r e d e r i c k ,  C.L.: As t rophys ics  J o u r n a l  L e t t e r s .  Vole 
155, 1969, p.  L9. 
+ P a r t r i d g e ,  R . B . ,  and Peeb les ,  P . J . E . :  As t rophys ics  J o u r n a l .  Vol. 148, 
1967, p. 377. 
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QUASARS, PULSARS, AND SEYFERT GALAXIES 
There  i s  a  growing c o l l e c t i o n  o f  o b j e c t s  f o r  which t h e r e  i s  no o r  only  v e r y  
rough t h e o r y ,  Some a r e  v i s i b l e  on ly  i n  t h e  v i s i b l e  o r  r a d i o ,  some i n  b o t h .  
Observa t ions  th roughout  a l l  of  t h e  i n f r a r e d  would p rov ide  more i n f o r m a t i o n  
on  which t o  b a s e  t h e o r y ,  I n  p a r t i c u l a r ,  i n  t h e  c a s e  of q u a s i - s t e l l a r  o b j e c t s  
and  S e y f e r t  g a l a x i e s ,  i t  a p p e a r s  t h a t  t h e  m a j o r i t y  o f  t h e  r a d i a t i o n  is 
e m i t t e d  i n  t h e  middle  and f a r  i n f r a r e d  region?!, bo th  o f  which a r e  i n a c c e s s i b l e  
from t h e  ground. Colgate ,  among o t h e r s ,  nas  sugges ted  one p r e l i m i n a r y  
t h e o r y  b u t  s t a t e s ,  "The d e c i s i v e  o b s e r v a t i o n  r e q u i r e s  f u r t h e r  i n f r a r e d  
2+,k 
m o n i t o r i n g  o f  q u a s i - s t e l l a r  o b j e c t s .  
- 
* 
Low, !$.Joy and Kleinmann, D.E.: Astronomical  J o u r n a l .  Vol. 73, 1968, 
p. 868. 
** 
Colgate ,  S.A. : P h y s i c s  Today. Vol. 22, 1969, p. 27. 
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ERPLATE INTERFEROMETER 
A p inho le  s o u r c e  of monochromatic l i g h t  i s  imaged by a  v e r y  s p e c i a l  p r o j e c t i o n  
l e n s  on t h e  t e s t  m i r r o r  s u r f a c e .  When a  l a r g e  number of f r i n g e s  i s  a n t i c i p a t e d ,  
a  l a s e r  l i g h t  source  i s  used .  Between t h e  p r o j e c t i o n  l e n s  and t h e  t e s t  m i r r o r  
i s  the  Burch s c a t t e r p l a t e  w i t h  i t s  c e n t e r  of symmetry on t h e  o p t i c a l  a x i s .  The 
s c a t t e r p l a t e  i s  a  s u r f a c e  c o n t a i n i n g  s c a t t e r i n g  means ( i n d e n t a t i o n s  o r  i r r e g u -  
l a r i t i e s )  a r ranged  i n  ex t remely  p r e c i s e  p a i r s  abou t  a  c e n t e r  of symmetry. 
The beam p a s s e s  through t h e  s c a t t e r p l a t e  l o c a t e d  a  d i s t a n c e  "Sf' away from the  
c e n t e r  o f  c u r v a t u r e  of  t h e  m i r r o r .  A t  t h e  s c a t t e r p l a t e ,  a  p o r t i o n  of t h e  beam 
i s  s c a t t e r e d  i n t o  a  h o s t  of  d i v e r g e n t  bund les ,  one f o r  each s c a t t e r e r ,  and a  
p o r t i o n  p a s s e s  s t r a i g h t  through.  These l i g h t  p a t h s  a r e  d e p i c t e d  i n  F i g u r e  E-1 
f o r  one r a y  emanating from t h e  s o u r c e .  
The m i r r o r  w i l l  r e t u r n  each bundle  t o  a  f o c u s  a t  a  p o i n t  d i a m e t r i c a l l y  o p p o s i t e  
t o  the  f i r s t  s c a t t e r p o i n t  r e l a t i v e  t o  t h e  c e n t e r  of c u r v a t u r e ,  p o i n t  "C" . 
For t h e  .sample bund le  shown, t h i s  p o i n t  i s  below and t o  the  r i g h t  of  "C". The 
l i g h t  of i n t e r e s t  w i l l  t hen  con t inue  on i n  a  d i v e r g e n t  bundle  and pass  th rough  
t h e  s c a t t e r p l a t e  u n d i s t u r b e d .  
The p o r t i o n  of t h e  o r i g i n a l  r a y  t h a t  passed s t r a i g h t  through t h e  s c a t t e r p l a t e  
i s  r e t u r n e d  by t h e  m i r r o r  t o  the  p l a t e  a t  a  p o i n t  d i a m e t r i c a l l y  o p p o s i t e  t o  t h e  
o r i g i n a l  p o i n t  of  e n t r y .  I f  t h e  s c a t t e r p l a t e  i s  t r u e ,  t h e r e  w i l l  be a  s c a t t e r -  
i n g  e lement  a t  t h i s  s p o t  which w i l l  produce a  second d i v e r g e n t  bundle .  
Thus, two d i v e r g e n t  bund les  o r  cones of  l i g h t ,  w i l l  be produced from each  o r i g i n a l  
r a y ,  w i t h  t h e  c e n t e r s  of d ive rgence  s e p a r a t e d  by two t imes  t h e  d i s t a n c e  "S" i n  
t h e  f i g u r e .  The i n t e r f e r e n c e  p a t t e r n  produced by two s p h e r i c a l  w a v e f r o n t s  w i t h  
d i f f e r e n t  r a d i i  ( o r  d i s p l a c e d  c e n t e r s  o f  c u r v a t u r e )  c o n s i s t s  of a  s e r i e s  of 
c o n c e n t r i c  c i r c l e s .  The f r i n g e  p a t t e r n s  f o r  a l l  s c a t t e r p o i n t  p a i r s  s u p e r -  
impose upon each o t h e r .  
An example of t h e  r e ~ u l t i n g  i n t e r f e r e n c e  p a t t e r n  i s  shown i n  F i g u r e  E-2. The 
p a t t e r n  i n  F igureE-2  was o b t a i n e d  by p l a c i n g  t h e  c e n t e r  of-symmetry  of t h e  
s c a t t e r p l a t e  on the a x i s  of  t h e  pa rabo lo id ,  b u t  d i s p l a c e d  upward from t h e  c e n t e r  
of  c u r v a t u r e  by abou t  0 .015  mete r .  
S c a t t e r p l a t e  
One Ray from 
F i r s t  S c a t t e r  
Focused Po in t  Source 
on Mirror  F i r s t  
S c a t t e r e d  Bern 
- Unsca t te red  Ray 
-- 
- - -  
Two Sphe r i ca l  Bundles Focus Poin t  f o r  ~ i r s t  
of Rays w i t h  Centers  S c a t t e r e d  Seam 
of Curvature  Sepa ra t e  
by Dis tance  2 s  
C = Mirror  Center  
on Mirror  of Curvature  
Second S c a t t e r  Po in t  Source 
Located Symmetrically Opposi te  
t h e  F i r s t  S c a t t e r  Po in t  
Film 
Figure E - 1 - S c a t t e r p l a t e  In t e r f e rome te r  (With S c a t t e r p l a t e  Displaced Axia l ly  
from Center o f  Curvature) 
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Figure E-2. Interferogram of a Scatterplate 
I-793/800 
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T l ~ e  a p p a r e n t  p r o f i l e  o f  a s t a r  ir.agc scanned by a  s l i t  h a s  t h e  same shape  as t h e  
p r o f i l e  of  a  l i n e  imaseff h a v i n s  t h e  s a b l e  o r i e n t a t i o n  a s  t h e  s l i t  and scanned by t h e  
sc2:e s l i t .  I f  t h e  a b e r r a t i o n s  a f f e c t i n s  t h e  image a r e  smal l ,  a r e l a t i v e l y  s t r o n g  
peak w i l l  be obse rved  f l a n k e d  by a  p a i r  o f  s u b s i d i a r y  peaks ( s i d e  l o b e s )  t h e  o r d e r  
o f  one t e n t h  t h e  magni tude o f  t h e  c e n t r a l  peak. The d i p  betwccn t h e  main l o b e  and 
a s i d e  lobe  does n o t  go t o  z e r o  (E'igure 1). 
The p resence  of  coma may be  d e t e c t e d  by t h e  asymnetry  o f  t h e  s i d e  l o b e s .  I f  t h e  s l i t  
i s  o r i e c t e d  t o  s c a n  i n  t h e  d i r e c t i o n  of  t!~e comat ic  f l a r e ,  one  l o b e  w i l l  bc h i g h e r  
t i ~ a n  i t  would be i n  t h e  absence  o f  corna, and t h e  o t h e r  l o t ~ e r  (F igure  2 ) .  The d i f f e r e n c e  
i n  c ~ a z n i t u d e  between :he t v o  s i d e  l o b e s  can be t a k e n  a s  t h e  " s i g n a l "  which measures  
t h e  anount of  coma. IYo o t h e r  e l ementa ry  a b e r r a t i o n  w i l l  produce t h i s  asymnetry  and 
t h e  p resence  o f  o t h e r  a b e r r e t i o n s  w i l l  n o t  a f f e c t  i t s  m a ~ n i c u d e  ( a t  l e a s t  f o r  s m a l l  
aScr  rc.t i o r  s )  . 
P.e t h e  s l i t  i s  r o t a t e c ,  t h e  r ,~agn i tude  of  t h e  " s i g n a l "  v i t r i e s  a s  t h e  c o s i n e  of  the 
a n g l e  o f  r o t a t i o n  ( a t  l e a s t  f o r  sinali corna) from t h e  d i r e c t l ~ n  o f  che comat ic  f l a r e .  
Ti-eref fore two o rchogona l  S C ~ ~ I S  a r e  s u f f i c i e n t  t o  d e ~ e r n i n e  b o t h  t h e  d i r e c t i o n  and 
t i l e  amour?: o f  coma. 
\>.at remaFns t o  be s h w n  i s  t h e  msnner i n  which the s i g n a l  v a r i e s  w i t h  t h e  arnount 
of cor.la, t h e  s e n s i t i - ~ i t y  c f  t h e  s i g n a l ,  and t h e  e f i e c t  of  t h e  w i d t h  o f  t h e  s c a n n i n g  
s L i t  on t h e  s i g n a l .  
These p r o p e r t i e s  can be r e a d i l y  d i t e r n i n e d  by u s  S t e e l t  s  a:e t h n d ( l l  f o r  o b t a i n i n g  
t he  t r a n s f e r  ? u n c t i o n  i n  t h e  p rzsence  cf smal l  anoun t s  of  a b e r r a t i o n ,  m u l t i p l y i c g  
by the  t r a n s f e r  f u n c t i o n  o f  the s l i t ,  and t h e n  e \ l a i u a t i n 5  t h e  i n v e r s e  t r e n s f o m .  
* Tne  ir.!age o f  a n  i n i i . n i f s s i ~ a i l y  f i n e  l i n e .  
qc.i i .s  per S o .  3LfS-  101 
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F i r s t  c o n s i d e r  t \ lc  gencrLl l  ~ 2 s ~ .  i * ~ c  ;:ill use  reduced v a l u e s  f o r  b o t h  t h e  s p a t i a l  
coordinates and t h e  s p a t i a l  f r c q t ~ c r c y  c o o r d i n a t e s  i n  ti12 imace p l a n e :  
k = NXv, 
\ 
where  N i s  t h e  £/no. ,  Fs t h e  : f f e i t i v e  wavelength  o f  t h e  l i g h t ,  p i s  t h e  r a d i a l  
d i s t a n c e  from t h e  origin:': i n  the image p lane ,  and v i s  t h e  s p a t i a l  f r equency  i n  
t h e  image p l a n e .  The d i r e c t i o n  o f  s c a n  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  o f  t h e  c o m a t i c  
f l a r e  w i l l  be r e p r e s e n t e d  by t h e  a n g l e  0 .  
The t r a n s f s r  f u n c t i o n  i s  e x p r e s s e d  by 
T (6, k) = I T /  e i  = IT I rosm + i I T \  s i n  @,  (2) 
where  b o t h  t h e  modulus iT and t h e  phase  IS o f  t h e  t r a n s f e r  f u n c t i o n  a r e  funcLians  Q o f  t h e  p o l a r  c o o r d i n a t 2 s  and k .  
The l i n e  s p r e a d  f u n c t i o n  i s  obt .ained by the  i n v e r s e  F o u r i e r  t r a n s f c r m  
The f r a c t i o n  o f  tne t o t a l  e n e r g y  o f  t h e  s t a r  image which p z s s e s  th rough  t h e  s l i t  
i s  g i v e n  by 
C 
where w i s  tAe wid th  o f  t h e  s l i t  ( reduced t o  t h e  same u n i t s  a s  r) and t h e  e x p r e s s i o n  
i n  s q u a r e  b r a c k e t s  i s  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  s l i t .  The q u a n t i t y  E goes  t o  
u n i t y  a s  v-.. a. 
Because ;Je a r e  i n t e r e s t e d  i n  t h e  asyrrmstry o f  t h e  i.mage, i t  i s  advan tageous  t:, 
s e p a r a t e  S i n t a  i t s  even and odd p a r t s ,  
and t ak ing  i n t o  accoun t  t h e  syma?try o f  the  t r a n s f e r  f u n c t i o n ,  we o b t a i n  
Se = p IT1 c c s  Q cos  (?:;kr) dk 
and 
w 
So = I T /  s i n  Q s i n  (2alrr) dk .  
- Q 
f: i n  t h i s  c a s e ,  t h e  p o s i t i o n  o f  t h e  rr?a::irnurn o f  th;. c e n c r a i  yeaic. 
Regi.stcr Xo. RVS-101 
- - - - - - -- - -- - . . - 
S e c t  i o n  E - 0  .KyL.in>c r i  n :~ ,  
. Brarich R e ~ c - ~ ~ r c l l  
----- 
The c o r r e s p o n d i n g  energy  f r a c  t ioris  a r e  
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and 
E o = w JP) s i n  @ s in(2nkr) '  r s i n m k  _l dk .  
- w m k  
Our asymmetry "sigr,al l '  a t  a  d i s t a n c e  r  from t h e  c e n t r e  o f  t h e  image i s  g i v e n  by 
and o u r  a v e r a g e  l e v e l  a t  r by 
Assuming t h a t  t h e  n o i s e  i s  e n t j r e l y  a s s o c i a t e d  w i t h  t h e  l i g h t  r e a c h i n g  t h e  photo-  
c e l l ,  and i s  "whitet ' ,  we have f o r  the  n o i s e  
and t!le s i g n a l - t o - n o i s e  r a t i o  i s  g iven  by 
n 
which i s  dependent  on w, amoung o t h e r  t h i n g s .  
Using S t e e l ' s  approach,  we have f o r  t h e  modulus and t h e  phase  o f  t h e  t r a n s f e r  
f u n c t i o n  ( f o r  s m a l l  coma), 
and 
where To i s  the  a b e r r z t i o n -  f r e e  t r a n s f e r  f u n c t i o n ,  C i s  t h e  amoun: o f  coma i n  
wavelength  u n i t s ,  LL and L2 a r e  l o s s  f u n c t i o n s  ( f u n c t i o n s  o f  K) and O c  i s  t h e  
phase f u n c t i o n  ( a l s o  a f u n c t t o n  o f  K) . We 'nave t a b u l a t e d  v a l u e s  o f  To, Li, L2, 
and G C  (and carrespondin:  f u n c t i o n s  f o r  t h e  e l s l aen ta ry  a b e r r a t i o n s )  f o r  a n n u l a r  
a p e r t ~ ~ r e s  w i t h  a b b e r a t i 5 n  r a t i o s  running frnm 0  t o  1 i n  s t e ? s  o f  0 . 1 .  F o r  t h e  
p r e s e n t  ?roblem t:e r . r i .11 a s s u n  a n  o b s c u r a t i o n  rc?t io  o f  0 . 3 .  F i g u r e  3 shows t h e  
p e r t i n e n t  f u n c t i o n s  f o r  t h i s  r a t i o .  
' R ~ ? i . s t c r  N O .  RVS-101 
s e c t  i o n  2 - 0  E n : ~ i n p e r l r ! i :  
- A.. _- -- 
dranch Rescarclt  
-- ---- 
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I t  i s  a p p J r e n t  t h a t  Q i s  v e r y  t ~ i i a l l  i o r  s m a l l  conla, s z y  l e s s  than  0  and 
t h e r e f o r e  we can  l e t  
and 
s i n  @ = P z [ C c o s  1 OC 
C O S  4 =: 1 
\ 
Then e q u a t i o n s  (7) become 
2 2 2 E r a  - (b cos  9 + c s i n  9 )  C 
e 
and 
where 
and 
3 
The t e r n s  i n v o l v i n g  t h e  p roduc t  o f  L and L w i t h  P have C a s  a c o e f f i c i e n t ,  and 
1 2 C 
for s m a l l  C c a n  be n e g l e c t e d .  i n  f a c t ,  f o r  C < 0.1 ,  b and c c a n  a l s o  be n e g l e c t e d  
w i t h  s m a l l  e r r o r .  
Thus we can  f i n d ,  a s  a  f u n c t i o n  o f  s l i t  widch, 
(1) The f r a c t i o n a l  e n e r g y  o f  t h s  a b e r r a t i o n - f r e e  c e n t r a l  peak by 
s e t t i n g  r = 0 and e v a l u a t i n g  a ;  
( 2 )  The f r a c t i o n a l  e n e r g y  o f  t h e  ~ b e r r a t i o n - f r e e  s i d e  l o b e  by s e t t i n g  
r = 1 . 5  and e v a l u a t i n g  a ;  
(3) The coma d e t e c t i o n  f a c t o r  (which 1ih.n r r r l l t i p l i e d  by C c o s  .9 g i v e s  t h e  
asymnet ry  " s igna l " )  by s e t t i z g  ; u 1 .5  and e v a l u a t i o r .  2d ;  and 
(4 )  The s i g n a l - t o - n o i s e  f a c t o r  by s e t k i n g  r = 1 . 5 ,  e v a l u a t i o n  a  and ?d l  
and t a k i n g  t h e  r a t i o  o f  2d  L O  I s q u a r e  r o o t  o f  a .  
The r e s u l t s  o f  t h e s e  ca : iu la t ions  o r ?  ~ i i , ~ r : z  i n  FFgure 4 and 5 3nd i r i  T a b l e  I .  
R e g i s t e r  No. -- RPS-lO_L_-_- . Page 5  o f  9 
S e c t  i o n  E - 0  Er~l: in~>crinl;  
A___. _-___ 
Branch Resec~x-ch 
-- 
It c a n  be s e e n  t h a t  t h e  optiniurn s l i t  w id th  from s igna l . -  t o - n o i s e  c o n s i d e r a t i o n s  i s  
a b o u t  1 . 2  o r  abou t  e q u a l  t o  t h e  r s d i u s  o f  t h e  A i r y  d i s c .  With t h i s  s l i t  b ~ i d t h ,  
c l o s e  t o  70; o f  t h e  t o t a l  l i g h t  i s  t h e  image p a s s e s  through the  s l i t  when i t  i s  
c e n t e r e d  on t h e  c e n t r a l  pea:;, and c l o s e  t o  8% o f  t h e  t o t a l  l i g h t  when i t  i s  c e n t e r e d  
o n  a s i d e  l o b e .  An asyrunetry " s i g n a l c r  o f  3 .5% o f  t h e  t o t a l  l i g h t  (5% o f  t h e  peak 
v a l u e )  c o r r e s p o n d s  t o  a b o u t  l d l O ~  o f  coma, and i s  l inec?rJy  p r o p o r t i o n a l  t o  i t .  
I \ 
- C i n '  b ; C f ~ r ~ ~ ~ \ c e  i n  h-,t,$+,-,;-,4L ; (  g , . ~  Q S l b c  I Q L P J  ' 
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Seif i ~ n  E-O E n ! ~ i n c ? ~ - r i ~ ~ ~ :  
------A,-- .. .: -- 2 - 
CENTRAL PEAK ( 2 )  
SIDE LOBE ( 2 )  
TABLE 3 
COXA DETECTIOK FACTOR (3' 0  .087 . I68 .236 .288 .326 .3&9 .358 .363 
SIGNAL-TO-ROISS FACTOR ( 4 )  0 .329 .460 .549 .600 .629 .633 .605 .566 
(1) M u l t i p l y  by h i  t o  g e t  a c t u a l  s l i t  wid th .  
(2) F r a c t i o n  p a s s i n g  through s l i t  o f  t o t a l  e n e r g y  
o f  a b e r r a t i o n - f r e e  s t a r  image. There  i s  no 
s i g n i f i c a n t  change f o r  coma less tF.an 1 t L 0 ~ .  
->--x 
(3) E l u l t i p l y  by C cosa (C = coma i n  wavelength  u n i t s ,  
8 = o r i e n t a t i o n  ang le )  t o  o b t a i n  coma d e t e c t i o n  
1 1  s i g n a l " ,  i.2 ., d i f f e r e n c e  b e t r ~ e e n  s i d e  l o b e s  
e x p r e s s e d  as f r a c t i o n  o f  t o t a l  energy o f  star 
image. 
(4) M u l t i p l y  by I/K t o  g e t  s i g n e l - t o  n o i s d  r a t i o ,  where 
K i s  t h e  r a t i o  or' t h e  observed n o i s e  t o  t h e  s q u a r e  
r o o t  o f  t h e  observed s i g n a l  f o r  t h e  t o t a l  image 
( " i n f i n i t e l y "  wide s l i t )  o r  any f r a c t i o n  t h e r e o f  (e.g. ,  
t h e  c e n t r a l  peak s i g n a l  w i t h  t h e  o p e r a t i n g  s l i t  w i d t h ) .  
r a d i u s  of A i r y  
d i s c  r = 1 . 2 2  
F i g u r e  1. Line  Image P r o f i l e  (Line Spread Func t ion)  
(No A b e r r a t i o n ,  33% Obscurat ion)  
F i g u r e  2 .  L ine  Image P r o f i l e  i n  Presence of Small  
Amount of Coma (33% Obscurat ion)  


